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FINAL  REPORT 


ELECTRON-BEAM  CONTROLLED 
SEMICONDUCTOR  SWITCHES 

ARO  DAAL03 -90-G-00 1 8-P0004 
1/1/90  -  8/31/93 


The  final  report  consists  of  an  overview  of  the  experimental  and 
modeling  studies  on  electron-beam  controlled  semiconductor 
switches  and,  for  more  details,  reprints  of  paper  published  under 
this  contract.  Also  included  in  the  final  report  are  results  of  those 
studies  which  have  not  yet  been  published  in  the  open  literature. 

I  would  like  to  thank  the  technical  monitors  at  ARO  and  AFOSR  for 
their  support  on  this  project.  The  success  of  the  research  on 
electron-beam  controlled  switches  can  be  seen  in  the  increasing 
number  of  research  groups  who  utilize  this  concept  of  switching  and 
by  the  fact  that  the  electron-beam  controlled  GaAs  switch,  the  topic 
of  our  study,  is  now  being  developed  in  a  SBIR  phase  2  project  for 
industrial  applications. 


INTRODUCTION 


The  use  of  electron-beams  instead  of  lasers  to  activate  gallium 
arsenide  switches  offers  the  possibility  to  modulate  the  switch 
conductance  on  a  timescale  of  nanoseconds  through  modulation  of 
the  electron-beam  intensity  and  to  operate  it  in  a  burst  mode  at  a 
MHz  or  even  GHz  pulse  rate.  Other  advantages  compared  to  laser 
activation  of  solid  state  switches  are  the  high  efficiency,  relatively 
low  cost,  and  the  reliability  of  electron  guns,  and  the  possibility  to 
introduce  the  electron-beam  through  the  metallic  contact  into  the 
switch.  The  use  of  cold  cathodes  for  the  electron  gun  will  allow  us  to 
further  simplify  the  switch  system. 

An  obstacle  for  the  use  of  electron-beam  activation  of  solid  state 
switches  is  the  small  range  of  electrons  in  solids.  For  an  electron 
energy  of  50  keV,  for  example,  the  range  is  on  the  order  of  10  pm. 

In  a  switch  configuration,  as  shown  in  figure  1,  where  the  electron- 
beam  is  injected  through  one  of  the  contacts,  full  activation  of  the 
switch  material  requires  the  use  of  thin  films  with  high  dielectric 
strength.  Experiments  with  diamond  films1'2  and  silicon  dioxide3*4 
have  demonstrated  the  validity  of  this  concept.  However,  even 
withthese  large  bandgap  materials,  the  voltage  for  this  mode  of 
operation  is  limited  to  several  kilovolts.  In  order  to  extend  the 
concept  of  electron-beam  control  of  solid  state  switches  to  higher 
voltages,  which  requires  switches  of  much  increased  thickness,  it 
was  proposed  to  utilize  the  electron-beam  induced  radiation 
(cathodoluminescence)  in  a  direct  semiconductor,  such  as  GaAs,  for 
bulk  ionization  of  the  switch.5 


1R.P.  Joshi,  M.K.  Kennedy,  K.H.  Schoenbach,  and  W.W.  Hofer,  "Studies  of  High 
Field  Conduction  in  Diamond  for  Electron-Beam  Controlled  Switching,"  J.  Appl. 
Phys.  72,  4781  (1992). 

2  R.P.  Joshi,  K.H.  Schoenbach,  C.  Molina,  and  W.W.  Hofer,  "Studies  of  Electron- 
Beam  Penetration  and  Free  Carrier  Generation  in  Diamond  Films,"  J.  Appl.  Phys. 
74,  1568  (1993). 

3W.  Jiang,  K.  Zinsmeyer,  M.  Less,  M.  Kristiansen,  and  K.H.  Schoenbach,  "Electron- 
Beam  Controlled  Switching  Using  Qpartz  and  Polycrystalline  ZnSe,"  Proc.  9th 
Pulsed  Power  Conf.  Albuquerque,  NM,  June  1993.  ENCLOSED 

4W.  Jiang,  K.  Zinsmeyer,  M.  Less,  K.H.  Schoenbach,  and  M.  Kristiansen,  "Electron- 
Beam  Controlled  Switching  Using  Quartz  and  Polycrystalline  ZnSe,"  to  appear  in 
IEEE  Trans.  Electron  Devices.  ENCLOSED 

5K.H.  Schoenbach,  V.K.  Lakdawala,  D.C.  Stoudt,  T.F.  Smith,  and  R.P.  Brinkmann, 
"Electron-Beam  Controlled  High  Power  Semiconductor  Switches,"  IEEE  Trans. 
Electron  Devices  36,  1793  (1989). 


Figure  1  shows  the  principal  configuration  of  a  switch  activated  by 
secondary  radiation.  It  consists  of  a  sample  of  compensated  direct 
semiconductor  material  (semi-insulating  GaAs)  between  metal 
contacts,  with  a  p-doped  layer  at  the  side  which  faces  the  electron- 
beam.  In  the  non-activated  state,  the  electron  and  hole  density 

cattods  anode 


Fig.  1.  Switch  Activated  by  Secondary  Radiation 


is  determined  by  thermal  emission  only  and  by  carrier  injection 
through  the  contacts.  For  semi-insulating  material  at  voltages  below 
the  so-called  trap-filled-limited  voltage,  the  concentration  of  free 
carriers  in  the  bulk  is  very  small  and  the  switch  resistance  therefore 
high.  Under  electron-beam  irradiation,  the  incident  electrons  are 
stopped  within  a  shallow  layer  at  the  cathode,  the  electron  range, 
and  their  energy  is  utilized  to  about  one  third  for  the  generation  of 
electron-hole  pairs.  In  a  pure  direct  semiconductor,  the  annihilation 
of  these  electron-hole  pairs  would  be  through  radiative 
recombination  only.  In  a  semi-insulating  semiconductor, 
characterized  by  a  large  concentration  of  recombination  centers 
and  traps,  the  direct  radiative  recombination  is  in  competition  with 
trapping  and  recombination  through  recombination  centers, 
respectively.  The  presence  of  the  p-doped  layer  ensures  that  most  of 
the  electrons  recombine  with  shallow  acceptors,  thus  providing 
photons  with  a  quantum  energy  only  slightly  lower  than  the  bandgap 
energy.  The  photons,  which  due  to  their  relatively  low  quantum 
energy  can  penetrate  deep  into  the  semi-insulating  material,  will 


activate  the  bulk  of  the  switch  through  impurity  ionization.  This 
type  of  electron-beam  controlled  switch  can  therefore  be 
considered  as  a  photoconductive  switch  with  a  cathodoluminescent 
activation  source  of  high  efficiency  (up  to  30%)  and  the  possibility 
to  modulate  its  conductance  up  to  the  MHz  or  even  GHz  range. 


FIGURE  OF  MERIT  FOR  ELECTRON-BEAM  CONTROLLED  SWITCHES 

A  simple  model  of  the  switch  assumes  a  constant  source  function 
for  the  electron-beam  ionization  over  the  electron  range  and  a 
constant  secondary  ionization  in  the  bulk  of  the  semiconductor, 
with  the  entire  radiation  being  absorped  in  the  semiconductor.  The 
efficiency  of  the  luminescence  generation  is  described  by  a  constant 
kint-  Based  on  these  assumptions  it  is  possible  to  define  a  number  of 
merit  for  the  switch,  Q;6 

q  _  enTki„tV|) 

L2^ion 

where  e  is  the  electronic  charge,  n  is  the  carrier  mobility,  x  is  the 
mean  carrier  lifetime,  Vo  the  applied  voltage,  L  the  depth  of  the 
switch,  and  lion  the  effective  ionization  energy.  The  quality,  Q,  can 
be  interpreted  as  the  power  gain  (ratio  of  switched  power  to  control 
power)  times  the  ratio  of  load  resistance,  Rl,  to  switch  resistance, 

Rs-  This  equation  holds  if  the  switch  resistance  in  the  on-state  is 
very  small  compared  to  a  load  resistance.  The  inverse  of  the  switch 
resistance,  the  switch  conductance,  Gs,  is  given  as:6 

„  efikintxPb 
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with  Pb  being  the  electron-beam  power  density. 

A  physical  parameter  which  determines  the  quality,  Q,  of  the  switch 
strongly  is  the  cathodoluminescent  efficiency,  kint-  This  factor  is 
determined  in  part  by  the  quantum  efficiency  in  the 

6R.P.  Brinkmann  and  K.H.  Schoenbach, " Electron-Beam  Controlled  Switching  with 
Wide  Bandgap  Semiconductors,"  Proc.  8th  IEEE  International  Pulsed  Power  Conf., 

San  Diego,  CA,  1991,  p.  94.  ENCLOSED 


cathodoluminescent  layer,  Hint-  By  using  p-doped  GaAs  as 
cathcxioluminescent  material,  the  internal  quantum  efficiency 
(defined  as  the  ratio  of  radiative  among  all  recombination  events) 
approaches  unity.7  The  second  contribution  to  kint  is  determined  by 
the  degree  of  absorption  of  the  cathodoluminescent  radiation  in  the 
bulk  of  the  semiconductor.  The  absorption  depends  on  the 
wavelength  of  the  emitted  radiation  relative  to  the  absorption 
spectrum  of  the  semiconductor  and  can  be  expressed  in  terms  of  an 
absorption  coefficient,  a.  In  order  to  include  the  effect  of 
incomplete  absorption  in  the  equation  for  Q,  kint  is  replaced  by 
Tlint«L,  with  the  condition  that  aL  must  be  less  than  one;  this  means 
that  in  order  for  the  switch  to  conduct,  the  minimum  absorption 
length,  1/a,  must  be  about  the  thickness  of  the  switch.  For  aL 
approaching  unity  we  have  optimum  coupling  of  light  into  the 
switch.  The  equation  for  the  figure  of  merit,  Q,  which  takes  this  into 
account,  reads; 

eptiintaxVjj 

^ionL 


SWITCH  OPTIMIZATION 

In  order  to  optimize  the  switch,  that  means  to  operate  it  at  high  Q, 
the  switch  material  needs  to  have  a  high  mobility,  low  ionization 
energy,  and  long  carrier  lifetime.  On  the  other  hand,  since  the 
carrier  lifetime  also  determines  the  temporal  response  of  the  switch 
it  might  be  necessary,  depending  on  the  application,  to  choose 
materials  with  short  carrier  lifetimes.  The  various  aspects  on 
material  selection  are  discussed  in  more  detail  in  reference  6.  Semi- 
insulating  gallium  arsenide  with  its  high  electron  mobility,  relatively 
low  ionization  energy,  and  carrier  life  time  on  the  order  of 
nanoseconds  is  a  good  candidate  for  electron-beam  controlled 
switch  material.  Even  more  important  is  the  fact  that  GaAs  is  a 
direct  semiconductor  with  consequently  high  quantum  efficiency, 
^int,  which  is  enhanced  by  p-doping  of  the  cathodoluminescent 
layer. 


7W.N.  Carr,  IEEE  Trans.  Electron  Devices  12,  531  (1965). 


A  very  important  switch  parameter  is  the  maximum  applicable 
voltage,  the  hold-off  voltage  Vo-  Due  to  carrier  injection  and 
trapfilling,  this  voltage  cannot  be  assumed  to  be  the  product  of 
dielectric  strength,  Ed,  and  the  switch  length,  L.  It  is  a  complex 
function  of  the  type  of  deep  traps,  trap  densities,  trap  activation 
energies,  and  the  switch  dimensions.8  Because  of  the  effect  of  traps 
on  the  hold-off  voltage,  it  is  possible  to  influence  it  by  controlling 
the  trapfilling  through  control  of  the  carrier  injection  through  the 
contacts.  Using  blocking  contacts  (reverse  biased  junctions)  it  was 
shown  to  be  possible  to  obtain  higher  values  for  the  hold-off 
voltage,  compared  to  switch  systems  with  injecting  contacts.9-10 


EXPERIMENTAL  AND  THEORETICAL  EFFORTS  TO  OPTIMIZE  THE 
GaAs  SWITCH  (DETAILS  IN  ENCLOSED  PUBLICATIONS) 

In  order  to  optimize  the  electron-beam  controlled  GaAs  switch,  with 
respect  to  hold-off  voltage,  we  have  studied  experimentally  and 
theoretically  the  dark  current  characteristics  of  various  semi- 
insulating  GaAs  samples  ranging  in  thickness  from  0.5  mm  to  5 
mm.11-12  The  samples  were  either  undoped  or  p-doped  over  a  depth 
of  several  fun  with  Zn.  This  p-doped  layer  serves  both  as  a 
cathodoluminescent  layer  and  as  a  blocking  contact  for  electrons. 
The  cathodoluminescent  yield  and  the  absorption  of  the  secondary 
radiation  in  the  bulk  of  the  semiconductor  were  studied  for 
electron-beam  current  densities  on  the  order  of  20  mA/cm2,  and 
pulse  durations  of  ns.  Also  the  temporal  response  of  the  switch 
current  and  voltage  to  electron-beam  activation  and  the  recovery 


8R.P.  Brinkmann,  "The  Current-Voltage  Characteristics  of  Semi-Insulating  Gallium 
Arsenide,"  Physical  Electronics  Research  Institute,  Old  Dominion  University, 
Norfolk,  VA,  Report  105,  1989. 

9M.  Kennedy,  ILP.  Brinkmann,  K.H.  Schoenbach,  and  V.K.  Lakdawala,  "Switching 
Properties  of  Electron-Beam  Controlled  GaAs  Pin  Diodes,"  Proc.  8th  Intern.  IEEE 
Pulsed  Power  Conf.,  June  1991,  San  Diego,  CA,  p.  102.  ENCLOSED 
10M.K.  Kennedy,  K.H.  Schoenbach,  and  R.P.  Brinkmann,  "Influence  of  Contacts  on 
the  Hold-Off  Voltage  and  Recovery  of  Electron-Beam  Activated  Gallium  Arsenide 
Switches,"  submitted  to  IEEE  Trans.  Electron  Devices.  ENCLOSED 
HD.C.  Stoudt,  K.H.  Schoenbach,  R.P.  Brinkmann,  V.K.  Lakdawala,  and  G.A. 
Gerdin,  "The  Recovery  Behaviour  of  Semi-Insulating  GaAs  in  Electron-Beam 
Controlled  Switches,"  IEEE  Trans.  Electron  Devices  37,  2472  (1990).  ENCLOSED 
12R.J.  Allen,  K.H.  Schoenbach,  J.  Hur,  and  G.  Kirkman,  "Optimization  of  Electron- 
Beam  Activated  GaAs-Switches,"  Proc.  9th  Intern.  IEEE  Pulsed  Power  Conf.,  paper 
PII-55,  Albuquerque,  NM,  June  1993.  ENCLOSED 


behavior  of  the  switches  after  termination  of  the  electron-beam 
pulse  were  studied  experimentally  and  theoretically  9,10,12,13, 14 


NEW  MATERIALS 

Acccording  to  our  considerations  on  the  switch  efficiency  (section: 
Figure  of  Merit  for  Electron-Beam  Controlled  Switches)  materials 
with  high  dielectric  strength  and  high  mobility  are  optimum.  In  case 
the  materials  are  indirect  semiconductors,  the  electron-beam  needs 
to  have  sufficent  energy  to  penetrate  the  entire  switch.  This  requires 
the  use  of  thin  films.  In  case  of  direct  semiconductors,  the 
cathodoluminescent  efficiency  needs  to  be  high. 

An  indirect  semiconductor  with  both  high  dielectric  strength  and 
high  mobility  is  diamond.  As  a  spin-off  of  this  contract,  we  have 
performed  extensive  studies  of  the  performance  of  diamond  as 
switch  material  under  contracts  with  DARPA  and  LLNL  Results  are 
published  in  references  1,  2  and  15.  Another  material  with 
extremely  high  dielectric  strength  but  moderate  mobilities  is  silicon 
dioxide  (SiC>2).  The  response  of  silicon  dioxide  to  electron 
irradiation  was  explored  in  cooperation  with  Texas  Tech  University. 
The  results  are  published  in  references  3  and  4.  Besides  GaAs  as 
direct  semiconductor  we  have  also  studied  zinc  selenide  (ZnSe) 
under  a  contract  with  DARPA,  and  in  cooperation  with  TTU.  ZnSe  has 
a  higher  dielectric  strength  than  GaAs,  but  a  lower  mobility.  Since, 
however,  the  hold-off  voltage  affects  the  efficiency  of  the  switch 
quadratically,  the  mobility  only  linearly,  ZnSe  is  an  attractive 
alternative  to  GaAs.  Experiments  were  performed  on  single  crystal 
and  polycrystalline  ZnSe  and  are  published  in  references  3,  4  and 
15. 


13R.P.  Brinkmann  and  K.H.  Schoenbach,  "Electron-Beam  Controlled  Switching  with 
Wide  Bandgap  Semiconductors,"  Proc.  8th  Intern.  IEEE  Pulsed  Power  Conf.,  June 
1991,  San  Diego,  CA,  p.  94.  ENCLOSED 

14  R.P.  Brinkmann,  K.H.  Schoenbach,  D.C.  Stoudt,  V.K.  Lakdawala,  G.A.  Gerdin, 
and  M.K.  Kennedy,  "The  Lock-On  Effect  in  Electron-Beam  Controlled  Gallium 
Arsenide  Switches,"  IEEE  Trans.  Electron  Devices,  38,  701  (1991).  ENCLOSED 


SUMMARY 


During  this  funding  period  we  concentrated  on  two  topics.  The  first 
was  the  influence  of  heavily  doped  contacts  on  dark  current, 
cathodoluminescence,  and  switch  kinetics.  The  use  of  a  shallow  p- 
doped  layer  on  the  electron-beam  irradiated  face  of  an  electron- 
beam  controlled  GaAs  switch  was  shown  to  improve  the  gain  of  the 
switch,  Q,  dramatically.  For  one,  the  junction  of  the  p-layer  with  the 
intrinsic  material  prevents,  if  negatively  biased,  the  injection  of 
holes  into  the  intrinsic  region.  This  prevention  of  double  injection 
allows  us  to  apply  a  factor  of  two  higher  voltages  than  with  samples 
having  just  ohmic  contacts.  Because  of  the  quadratic  deper  dance  of 
the  gain  on  the  hold-off  field,  this  amounts  to  a  factor  of  four 
increase  in  gain.  Secondly,  the  increased  cathodoluminescence  of  p- 
doped  GaAs  promises  to  give  an  order  of  magnitude  improvement  in 
the  switch  gain.  An  additional  advantage  of  using  p-doped  layers  is 
the  expected,  and  for  the  ca^e  of  0.5  mm  thick  samples 
experimentally  verified,8  suppression  of  the  lock-on  effect  for 
voltages  up  to  about  twice  the  usual  lock-on  voltage.  The  use  of  low 
energy  electron-beams  for  these  kinds  of  switches,  as  discussed  in 
the  previous  section,  promises  to  make  these  devices  easily 
controllable  closing  and  opening  switches  for  high  reprate  pulse 
power  applications. 

The  second  research  topic  was  the  development  of  a  criterion  for 
the  efficiency  of  electron-beam  controlled  switches.  This  criterion, 
which  is  discussed  in  the  second  section  of  this  report,  allowed  us  to 
extend  the  switching  concept  to  new  materials  such  as  diamond, 
zinc  selenide,  and  silicon  dioxide.  Experiments  performed  with  these 
materials  have  demonstrated  the  applicability  of  our  concept  for  the 
development  of  high  duty  cycle  closing  and  opening  switches  where 
the  switch  material  parameters  (such  as  thermal  conductivity, 
dielectric  strength,  carrier  life  time)  can  be  selected  to  match  a 
specific  application. 


TECHNOLOGY  TRANSFER 


The  development  of  electron-beam  controlled  GaAs  switches  for 
military  and  industrial  applications  is  the  topic  of  an  SBIR  from 
Integrated  Applied  Physics,  Inc.  in  Waltham,  MS  supported  by  BMDO. 
IAP  has  particularly  concentrated  on  minimizing  the  electron  energy 
for  switching.  The  project  is  presently  in  phase  II. 


APPENDIX 

CATHODOLUMINESCENCE:  CONVERTING  ELECTRON  ENERGY 
INTO  PHOTON  ENERGY  FOR  BULK  IONIZATION  OF  GaAs 

Our  switch  concept,  the  electron-beam  controlled  activation  of 
thick  GaAs  samples,  depends  on  the  conversion  of  electron  energy 
into  photon  energy.  In  order  to  obtain  information  on  the 
cathodoluminescence  in  GaAs,  we  have  studied  the  light  emission 
side-on  and  end-on.  The  first  type  of  measurement  yields 
information  on  the  spatial  distribution  of  the  cathodoluminesce;  the 
second  one  allows  us  to  measure  the  absorption  coeffient  and  to 
study  the  generation  of  light  in  samples  with  different  doping. 

The  experimental  set-up  for  the  spatial  profile  distribution 
measurement  is  shown  in  figure  2.15  The  electron-beam  hits  the 
sample  and  generates  band-edge  radiation  over  a  distance  given  by 
the  electron-range.  This  radiation  (cathodoluminescence)  is 
recorded  by  means  of  a  photomultiplier  with  an  S 20  or  SI  cathode. 
In  order  to  record  only  light  which  is  generated  in  the  region 
determined  by  the  range  of  the  electron-beam  we  have  used  a 
telescope  arrangement  The  optical  arrangement  allows  only  light 


ELECTRON 


SAMPLE  L1  L2  SHUTTER  FILTER-  PMT 


Fig.  2.  Experimental  Set-Up  for  Cathodoluminescence  Measurements 

15m.  Kale,  Thesis,  Old  Dominion  University,  Department  of  Electrical  and 
Computer  Engineering,  1991. 


which  is  generated  along  the  line  of  sight  (parallel  light  beams)  to 
reach  the  detector.  Light  which  is  emitted  from  the  sample  under  an 
angle  larger  than  0.014,  determined  by  the  diameter  of  the  pinhole 
(250  ^m,  located  at  distances  f  from  both  lenses),  and  might 
possibly  be  originated  in  the  region  outside  the  electron-range  is 
blocked  out.  The  two  lenses  with  the  focal  length  f  of  40  mm  and 
200  mm,  respectively,  create  a  2.5  mm  image  of  the  0.5  mm  size 
sample  on  the  photomultiplier  window. 

A  mechanical  shutter  was  used  to  block  the  light  partially.  By 
moving  the  shutter  across  the  light  beam  emitted  from  the  sample,  a 
signal  was  obtained  which  contained  information  on  the  integral 
value  of  the  intensity  emitted  by  the  sample  over  a  thickness  x  from 
the  electron-beam  irradiated  face.  Measurements  were  performed 
by  varying  values  of  x,  and  the  obtained  signal 


I(x)  dx 


was  then  differentiated  to  get  the  intensity  I(x)  of  the 
cathodoluminescence.  The  method  was  applied  to  zinc-doped  GaAs 
as  cathodoluminescent  material.  Measured  cathodoluminescent 
profiles  are  shown  in  figure  3  for  three  different  electron-beam 
energies.  There  is  clearly  a  layer  of  less  than  50  nm  thickness  at  the 
cathode  (x=0)  with  enhanced  light  emission,  the 
cathodoluminescent  layer. 
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Fig.  3.  Cathodoluminescence  as  a  Function  of  Distance  from  the 
Electron  Irradiated  Face  of  the  GaAs  Sample 


The  relative  cathodoluminescent  yield,  an  important  parameter  for 
an  electron-beam  controlled  switch  with  secondary  optical 
excitation,  was  measured  by  recording  the  electron-beam  induced 
transmitted  through  the  sample.  A  typical  light  pulse  (compared  to 
the  electron-beam  diode  voltage)  is  shown  in  figure  4  for  the  2  mm 
sample  with  the  p-doped  layer  facing  the  electron-beam.  The 
temporal  development  of  the  light  emission  follows  clearly  the 
shape  of  the  electron-beam  voltage  pulse.  The  intensity  of  the 
transmitted  light  depends  on  the  electron-beam  energy  as  shown  in 
figure  5.  There  is  no  light  recorded  below  50  kV.  For  higher  values 
of  the  electron-beam  voltage,  it  increases  linearly  with  voltage. 


When  the  electron-beam  irradiates  the  undoped  face  of  the  2  mm 
sample,  the  intensity  of  the  transmitted  light  is  lower  by  about  an 
order  of  magnitude  compared  to  that  emitted  from  the  electron- 
beam  irradiated  p-doped  layer  (Fig.  5).  It  is  also  higher  than  that 
emitted  through  an  electron-beam  activated,  0.5  mm  thick  undoped 
GaAs  sample.  These  results  confirm  our  hypothesis  that  the 
presence  of  a  p-doped  layer  on  the  electron-beam  irradiated  face  of 
the  GaAs-switch  has  a  strong  impact  on  the  efficiency  of 
luminescence  generation. 


E-Beom  Energy  (keV) 


Fig.  5.  Cathodoluminescence  Measured  through  a  2  mm  GaAs  Switch 
with  a  p-Layer  (closed  circles)  compared  to  that  Obtained 
without  p-Layer  (open  circles).  For  Comparison,  one  Result 
with  0.5  mm  undoped  GaAs  is  plotted. 
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THE  LOCK-ON  EFFECT  IN  ELECTRON-BEAM  CONTROLLED 
GALLIUM  ARSENIDE  SWITCHES 


R.P.  Brinkmann.  K.H.  Schoenbach.  D.C.  Stoudt. 
V'.K.  LakdawaJa.  G.A.  Gerdin.  and  M.K.  Kennedy 
Physical  Electronics  Research  Institute 
Old  Dominion  University,  Norfolk,  Virginia 


The  term  ”  lock-on  effect”  describes  the  inability  of  optically 
or  electron-beam  controlled  semiconductor  switches  to  recover 
to  their  initial  hold-off  voltage  following  the  application  of  the 
trigger  pulse:  after  turn-off  of  the  ionization  source  the  current 
is  instead  "locked  on”  to  a  constant  voltage  with  average  elec¬ 
tric  fields  ranging  from  4  kV/cm  to  12  kV/cm  [1],  This  paper 
paper  is  concerned  with  an  investigation  into  the  lock-on  ef¬ 
fect  in  gallium  arsenide  based  electron-beam  controlled  switches 
and  power  modulators.  Our  experimental  results  indicate  that 
the  lock-on  current  of  the  system  is  actually  identical  with  the 
time  asymptotic  dark  current  under  double  injection  conditions. 
They  show  that  the  pre-illumination  of  the  sample  with  an  ion¬ 
ization  source  does  not  influence  the  amplitude  of  the  current 
but  causes  only  a  reduction  in  the  time  neccessary  to  reach  its 
final  value.  In  particular,  it  is  demonstrated  that  the  initial 
highly  resitive  state  is  not  an  actual  steady  state  but  rather  a 
transient  phase  characterized  by  a  non-equilibrium  distribution 
in  the  electron  and  hole  trap  occupation.  Based  on  these  ex¬ 
perimental  results,  a  scenario  is  developed  which  describes  the 
lock-on  effect  in  terms  of  current  injection  through  the  contacts 
and  carrier  trapping  in  deep  intraband  levels.  The  proposed  sce¬ 
nario  explains  all  major  characteristics  of  the  lock-on  effect  and 
is  further  supported  by  the  good  qualitative  agreement  of  the 
experimental  data  with  current  voltage  curves  calculated  on  the 
basis  of  a  recently  developed  self-consistent  device  model  [2]. 

L  Introduction 

Attempts  to  utilize  electron-beam  controlled  semiconductor 
switches  have  already  been  made  in  the  sixties  [3]  and  the  sev¬ 
enties  [4],  but  only  recently  research  in  this  field  has  gained  new 
momentum  due  to  an  improved  concept  [5,2].  This  switch  con¬ 
cept  is  based  on  the  generation  of  free  charge  carriers  in  the  bulk 
of  a  semi-insulating  semiconductor  like  gallium  arsenide  (GaAs) 
by  cathodoluminescence.  Once  the  electron-beam  is  terminated, 
the  switch  will  open  due  to  electron-hole  recombination,  and 
trapping  of  free  carriers,  on  a  time  scale  of  nanoseconds  or  less 
if  the  current  injected  through  the  contacts  is  negligible  [6].  Be¬ 
sides  switch  closing  and  opening  the  processes  of  electron-hole 
generation  and  recombination  allow  modulation  of  the  switch 
current  with  an  electron-beam.  With  the  observed  linear  char¬ 
acteristics  of  the  electron-beam  controlled  switches  in  an  electric 
field  range  up  to  about  4  kV/cm  [5],  these  devices  promise  to  be 
useful  for  the  modulation  of  the  electrical  power  into  a  tempo¬ 
rally  varying  load.  The  modulation  of  electron-beam  currents 
can  easily  be  done  with  gated  vacuum  tubes,  which  makes  com¬ 
pact  and  economic  switch  design  possible. 

An  obstacle  for  the  use  of  GaAs  switches  as  opening  switches 
or  modulators  in  high  voltage  systems,  however,  is  the  so  called 
"lock-on"  effect.  This  effect  is  manifested  by  the  inability  of  the 


switch  to  recover  to  its  initial  hold-off  voltage  following  the  ap¬ 
plication  of  an  electron-beam  or  laser  pulse  [7,1],  After  turn-off 
of  the  driving  source  the  current  is  "locked-on”  to  a  constant 
voltage  with  average  electric  fields  in  the  range  from  4  l;Y/cm 
to  12  kV/cm  (1).  The  effect  of  "lock-on”  on  voltage  and  cur¬ 
rent  after  termination  of  the  sustaining  electron-beam  is  shown 
schematically  in  Fig.  1  (case  V  >  V’er). 


Figure  1:  Schematic  illustration  of  the  lock-on  effect. 


II.  Experiments 

To  study  the  lock-on  effect  we  have  concentrated  on  semi- 
insulating  GaAs  as  switch  material.  Particularly  for  the  ex¬ 
perimental  investigations  as-grown  (EL2- compensated)  material 
with  a  resistivity  of  6  x  10®  Qcm  was  used.  The  sample  geometry- 
consisted  of  a  bulk  region  with  aligned  parallel  plate  contacts. 
The  thickness  of  the  bulk  was  0.065  cm,  the  area  of  the  contacts 
about  1.1  cm2.  The  contacts  were  manufactured  by  thermally 
depositing  a  Au(88%)-Ge(12%)  alloy  to  a  thickness  of  100  nm. 
The  sample  was  then  annealed  at  450s  C  in  ATj  at  atmospheric 
pressure  for  a  period  of  15  minutes. 
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A  set  of  experiments  was  conducted  using  the  circuit  shown  in 
Fig.  2,  where  the  GaAs  sample  was  irradiated  through  the  cath¬ 
ode  contact  with  an  electron-beam  pulse  of  15  ps  duration,  as 
schematically  shown  in  Fig.  1.  The  electron-beam  was  produced 
by  a  pulsed  thermionic  diode  (8).  The  energy  of  the  electrons  was 
about  150  keV  and  the  current  density  was  in  the  range  of  up  to 
30  mA/cm1.  In  the  circuit  shown  in  Fig.  2.  the  15  ft  PFN  load 
resistance  is  used  to  provide  a  constant  voltage  across  the  senes 
combination  of  the  50  ft  load  and  the  sample.  As  the  resistance 


Figure  3:  The  /-V-eurves  for  the  switch  under  electron-beam 
irradiation  and  in  the  lock-oc  state. 


Figure  2:  Experimental  set-up  of  the  system  used  to  measure 
the  switch  /-V'-characteristics. 


of  the  sample  drops  due  to  electron-beam  ionization,  the  voltage 
neccessary  to  sustain  the  current  would  remain  across  the  sam¬ 
ple,  while  the  sample  current  is  limited  by  the  50  ft  resistance 

The  results  of  current  voltage  measurements  are  shown  in  Fie. 
3-  The  current  density  in  the  on-state  (during  electron-beam  ir¬ 
radiation)  increases  linearly  with  voltage  up  to  about  200  V. 
which  corresponds  to  an  average  field  intensity  of  4  kV/cm 
Above  this  voltage  the  current  density  rises  steeply  to  values 
greater  than  20  A/cm^,  values  which  correspond  to  a  current 
gain  (switch  current/  electron-beam  current)  of  about  1000.  In 
that  regime,  the  sample  does  not  return  to  the  initial  applied 
voltage  after  termination  of  the  electron-beam,  but  rather  to  a 
value  which  appears  to  be  independent  of  it.  This  "lock-on"  ef¬ 
fect  is  very  similar  to  the  results  obtained  when  GaAs  samples 
are  irradiated  with  a  high  power  laser  [7). 

The  lock-on  current  increases  strongly  with  the  voltage  across 
the  sample.  The  values  for  this  current  are  also  plotted  in  Fig. 
3  as  a  function  of  the  switch  voltage.  The  lock-on  voltage  cor¬ 
responds  to  an  average  electrical  field  of  about  3.7  kV/cm.  The 
value  of  this  lock-on  field  depends  on  the  deep  level  configura¬ 
tion  of  the  switch  material.  It  increases  with  the  density  of  deep 
traps  or  recombination  centers  and  with  the  trapping  cross  sec¬ 
tions.  When  chromium  doped  semi-insulating  GaAs  was  used 
the  critical  field  was  increased  by  a  factor  of  two  compared  to 
the  lock-on  field  of  as-grown  GaAs. 

The  electron- beam  current  determines  the  current -volt age 
characteristics  of  the  switch  in  the  on-state,  as  shown  in  Fig. 
3.  It  does  not,  however,  seem  to  influence  the  lock-on  curve 
Because  of  the  independence  of  the  lock-on  current  on  the  pre¬ 
vious  illumination  it  can  be  considered  the  dark  current  of  the 
device.  In  order  to  prove  this,  dark  current  measurements  on 


semi- insulating  GaAs  were  performed  with  applied  voltages  of 
up  to  110  V.  corresponding  to  fields  of  1.7  kV/cm.  To  study  the 
dark  current  at  higher  applied  voltages,  especially  its  temporal 
development,  a  hard  tube  pulser  was  used  which  allows  to  ap¬ 
ply  voltage  pulses  of  up  3  kV  for  hundreds  of  ms  across  a  high 
impedance  load  ( >  left's).  Pulsing  the  sample  allowed  to  mea¬ 
sure  the  dark  current  at  higher  voltages  than  are  possible  with  a 
dc  bias,  because  the  limited  pulse  duration  reduced  the  problem 
of  Joule  heating.  The  circuit  consisted  of  a  storage  capacitor 
which  is  charged  to  the  de-red  voltage  and  discharged  through 
a  resistor  (lOOkft)  that  is  in  paralell  with  the  sample.  The 
switch  used  to  control  the  pulse  width  is  an  RCA  6293  beam- 
power  amplifier  vacuum  tube  with  a  maximum  plate  voltage  of 
3.5  kV.  As  the  voltage  across  the  sample  is  increased  further, 
the  sample  impedance  becomes  too  low  to  be  driven  by  the  hard 
tube  circuit.  Therefore,  the  pulse  circuit  shown  in  Fig.  2  was 
used  to  allow  the  dark  current  to  be  measured  at  lower  sam¬ 
ple  impedances.  The  circuit  uses  a  15  ft  pulse  forming  network 
which  provides  a  15  /is  voitage  pulse. 


VOLTAGE 
(107  V/divJ 


CURRENT 
(4  mA/div) 

- -  TIME  [400ps/div] 

Figure  4:  The  temporal  evolution  of  the  dark  current. 
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A  typical  current  and  voltage  waveform  using  the  hard  tube 
pulser  in  shown  in  Fig  4  The  current  spike  after  the  initial 
application  of  the  step  voltage  is  attributed  to  the  displacement 
current.  After  the  displacement  current,  the  dark  current  re¬ 
mains  very  low  for  an  "onset  time"  and  then  increases  mono- 
tonically  up  to  a  steady  state  value.  The  onset-time  which  is 
defined  as  the  time  neccessary  to  reach  a  current  value  of  5%  of 
the  final,  steady  state  current,  is  found  to  be  a  strong  function 
of  the  amplitude  of  the  applied  voltage  as  shown  m  Fig.  5 


Figure  6:  The  /-V -curves  corresponding  to  the  steady  state 
dark-current,  the  transient  dark  current,  the  lock-on  current  and 
the  current  under  electron-beam  irradiation. 


Fig.  6  shows  the  steady  state  currents  obtained  with  both 
the  dc  and  the  pulsed  bias  measurements  at  room  temperature 
There  is  a  steep  increase  in  current  over  four  orders  of  magnitude 
at  about  200  V  in  a  voltage  range  of  several  ten's  of  volts  The 
current  values  obtained  in  the  "lock-on”  experiment  (Fig  2)  are 
plotted  for  comparison  with  the  time  asymptotic  values  of  the 
dark  currents;  the  two  groups  of  currents  are  virtually  identical 
Also  plotted  is  the  /-I’-characteristics  of  the  on-state,  and  the 
transient  values  the  dark  current  assumes  during  the  onset  time 

III.  Modeling 

In  order  to  understand  the  experimental  results  outlined 
above,  we  focus  now  on  a  theoretical  description  of  the  switch 
configuration.  We  assume  that  the  switch  diameter  is  large  com¬ 
pared  to  its  thickness,  such  that  a  one-dimensional  model  can 
be  employed  to  describe  the  electron  and  hole  flow  though  the 
switch.  Our  model  includes  the  generation  of  free  charge  carriers 
through  radiative,  thermal  or  impact  ionization,  their  transport 
under  the  influence  of  the  electrical  field,  and  their  recombi¬ 
nation  or  trapping  in  intraband  traps.  These  deep  traps  are 
responsible  for  the  high  resistance  of  semi- insulating  GaAs  and 
determine  largely,  as  will  be  shown,  the  /-I’-cnaracteristics  of 
this  material.  Denoting  the  number  of  electrons  in  the  conduc¬ 
tion  band  and  the  number  of  holes  in  the  valence  band  by  n 
and  p,  respectively,  the  densities  of  the  various  carrier  traps  by 
iV,  and  their  relative  occupation  number  by  r,.  the  system  of 
dynamical  equations  reads 

q  r\ 

~  -^(vn(E)n)  =  her  -  ^  A ,rc,  +  S.  (1) 

I 

ft  +  =  +  H  ‘Y>rv  +  s-  (2) 

t 

dr, 

~q~  —  c*!  +  rtt.  (3) 

In  these  expressions,  r„  and  vp  stand  for  the  absolute  values  of 
the  field  dependent  carrier  drift  velocities,  the  diffusion  contri¬ 
butions  have  been  neglected.  The  terms  on  the  right  hand  side 
denote  the  balances  of  direct  recombination,  thermal  pair  gener¬ 
ation  and  impact  ionization  (fic„),  trapping  and  thermal  release 
of  electrons  or  holes  (fc,  and  rv, ),  and  the  carrier  generation  due 
to  the  external  source  (5).  The  description  is  completed  with 
Poisson’s  equation  connecting  the  electrical  field  E  to  the  excess 
charge  in  the  crystal;  the  quantites  ,V*.  c0  and  er  stand  for  the 
effective  shallow  doping  density,  the  absolute  and  the  relative 
dielectric  constant,  respectively: 

dE  v-. 

=  c(n  -  p+  ^  A.r,  -  Arf).  (4) 

We  have  solved  the  equations  numerically  under  the  assump¬ 
tion  of  steady  state,  closely  following  a  procedure  which  will 
more  extensively  be  discussed  in  reference  [2].  The  contacts 
have  were  assumed  to  be  injective  (ohmic).  It  turned  out  that 
the  results  vary  considerably  depending  on  the  deep  level  con¬ 
figuration.  However,  there  are  some  features  which  appear 
to  be  characteristic  for  most  types  of  compensated  GaAs  and 
other  semi-insulating  material.  They  are  discussed  in  the  fol¬ 
lowing,  using  a  relatively  simple  deep  level  configuration.  Fig¬ 
ure  7  shows  the  I-V-characteristics  of  an  0.5  mm  switch  assum¬ 
ing  the  presence  of  one  dominant  recombination  center  with 
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Figure  7:  The  I-V-characteristics  according  to  the  numerical 
calculations 

a  density  of  S  =  101T  cm-3,  an  energy  of  0.85  eV  above  the 
valence  band,  and  electron  and  hole  capture  cross  sections  of 
an  =  2  x  10“'*  cm3  and  <r,  =  5x  10~17  cm2,  respectively.  Curve 
1  corresponds  to  the  dark  current  (S  =  0),  curve  II  to  the  current 
under  irradiation  (5  =  10,T  cm'1s'1). 

A  comparison  of  the  numerically  obtained  curves  with  the  ex¬ 
perimental  results  displayed  in  figure  6  shows  a  very  good  quali¬ 
tative  agreement.  (The  quantitative  deviations  are  probably  due 
to  the  relatively  simple  representation  of  the  deep  level  structure 
in  our  model.)  In  particular,  the  calculations  reproduce  well  the 
initially  linear  behavior  of  the  current  both  in  the  dark  and  in 
the  irradiated  state,  and  their  subsequent  steep  increase  above 
the  critical  voltage  of  200  V.  At  low  voltages,  the  dark  cur¬ 
rent  shows  an  ohmic  behavior.  The  resistance,  measured  in  this 
range,  corresponds  to  the  value  given  by  the  manufacturer.  At 
a  certain,  critical  voltage  the  current  rises  drastically;  in  this 
material  over  seven  orders  of  magnitude.  This  effect  will  exten¬ 
sively  be  discussed  in  reference  [2],  it  is  essentially  due  to  the 
injection  of  electrons  and  holes  at  the  contacts  (double  injec¬ 
tion)  and  involves  a  considerable  build-up  of  charges  in  the  deep 
levels. 

From  the  fact  that  the  strong  increase  in  the  current  is  due  to 
trap  filling,  we  can  explain  the  relatively  long  onset  time  of  the 
dark  current  before  it  rises  to  its  final  value.  Initially,  most  of  the 
charge  carriers  that  are  injected  from  the  contacts  will  become 
trapped  in  electron  or  hole  traps  which  have  a  relative  high  den¬ 
sity  in  semi-insulating  gallium  arsenide,  to  the  effect  that  free 
carrier  densities  remain  very  low  during  the  onset  time.  It  is  only 
after  the  traps  are  completely  filled  that  the  current  can  rise  to 
its  final  value.  The  neccessary  time  span  can  be  considerable  if 
only  charges  injected  through  the  contacts  are  available  to  fill 
the  traps.  Under  irradiation  with  the  beam,  however,  the  onset 
time  will  be  much  shorter  due  to  the  large  source  function  for 
electrons  and  holes  in  the  bulk  of  the  switch.  More  quantitative 
results  which  are  based  on  a  transient  simulation  of  equations 
(1)  -  (4)  will  be  published  elsewhere. 


Voltage 


Figure  8;  The  switching  cycles  in  a  load-line  diagram 

DT-Tbc. Lock-On  Scenario 

Based  on  the  results  of  the  numerical  calculation  described 
above,  we  can  now  establish  a  scenario  which  explains  the  main 
features  of  the  lock-on  effect.  Consider  the  linear  I-V-diagram  in 
figure  8,  where  we  have  schematidy  drawn  the  three  different  I- 
V-curves  discussed  above,  namely  a)  the  transient  dark-current 
I-V-curve  that  is  valid  during  the  onset  time,  b)  the  steady  state 
dark-current  which  is  reached  in  the  time  asymptotic  limit,  c) 
and  the  current-voltage  characteristic  of  GaAs  under  electron- 
beam  irradiation. 

Let  us  consider  two  switch  experiments  with  the  same  load 
resistor  R,  but  different  initial  voltages  V0.  characterized  by  the 
two  load  lines  1  and  II  in  figure  7.  In  the  first  experiment,  the 
switch  starts  in  the  highly  resistive  off-state  at  point  a/  where 
the  current  is  low  and  the  voltage  is  very  close  to  the  voltage  V0. 
Under  irradiation  with  the  electron  beam,  the  switch  becomes 
quickly  ionized  and  the  load  point  moves  to  the  low  resistivity 
regime  fc//,  the  on-state  of  the  switch.  After  turn-off  of  the  beam, 
the  charge  carriers  recombine  and  the  switch  moves  to  the  point 
c/,  which  is  identical  with  the  point  a/.  It  is  clear  that  this  case 
does  not  exhibit  a  lock-on  effect. 

Consider  next  the  load  line  II  with  a  source  voltage  Vo  that 
lies  over  the  critical  value  Vc.  In  the  initial  off-state,  the  load 
point  is  located  at  an,  which  characterizes  the  transient  state 
with  a  small  electrical  current.  The  load  point  begins  to  move 
along  the  load  line,  but  according  to  our  argumentation  above 
(and  the  experimental  curve  5),  this  time  development  is  rather 
slow  and  might  take  a  time  that  is  long  compared  to  the  duration 
of  the  applied  pulse.  Under  irradiation  with  the  electron  beam, 
however,  the  load  point  moves  very  quickly  to  bj j .  i.e.  to  the 
on-state  with  a  high  current  and  a  small  voltage.  Due  to  the 
high  carrier  density  generated  by  the  e-beam,  the  traps  will  be 
filled  very  quickly.  But  now,  after  the  turn-off  of  the  beam,  the 
load  point  will  not  return  to  the  initial  value  bn  but  rather  to 
the  steady  state  value  cn,  with  a  considerably  higher  current, 
the  lock-on  current. 


337 


b 

i 


V.  Discussion 

A  current  lock  on  it  a  constant  voltage  was  observed  in 
electron-beam  controlled  GaAs  switches.  Its  essential  features 
are  equivalent  with  the  ones  found  in  optically  controlled  GaAs 
switches.  It  has  been  demonstrated,  that  the  amplitude  of  the 
lock-on  current  only  depends  on  the  voltage  of  the  driving  cir¬ 
cuit.  and  not  on  the  electron  beam  power.  In  fact,  even  without 
irradiation  the  same  current  could  be  established.  The  only  ef¬ 
fect  that  e-beam  irradiation  has  is  the  reduction  of  the  onset 
time  of  the  current  flow . 

Based  on  these  observations  and  on  supporting  numerical  cal¬ 
culations  of  the  dark  current  in  GaAs.  we  propose  a  model  which 
is  able  to  explain  the  main  features  of  the  lock-in  effect:  It  ap¬ 
pears  only  above  a  certain  voltage  threshhold,  it  is  essentially 
independent  of  the  initial  e-beam  (or  laser)  irradiation,  and  the 
voltage  across  the  sample  is  independent  of  the  current  density. 

What  is  the  practical  importance  of  the  lock-on  effect? 
Clearly,  it  must  be  regarded  as  an  unwanted  effect  for  opening 
switches,  as  it  prevents  the  recovery  of  electron-beam  or  opti¬ 
cally  controlled  semiconductor  switches  to  their  initial  hold-off 
voltage  following  the  application  of  the  trigger  pulse.  However, 
it  might  be  a  very  desirable  effect  for  closing  switches,  as  its  al¬ 
lows  to  close  a  circuit  indefinitely  by  using  a  short  trigger  pulse. 
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ABSTRACT 

This  report  summarizes  the  presentations  and  the  findings  of  the  Workshop  on 
High  Average  Power  Switching  (WHAPS)  that  took  place  in  Livermore,  CA  on 
October  10-11,  1990.  The  WHAPS  discussed  switching  technologies  that  could  meet 
requirements  that  arise  in  applications  of  linear  induction  accelerators  also  known 
as  induction  linacs.  Induction  linacs  require  a  switch  that  will  hold-off  250  kV, 
conduct  30  kA  for  150  to  200  ns,  operate  at  1  to  2  kHz  for  several  second  bursts,  have 
better  than  1  ns  jitter,  and  last  in  excess  of  108  pulses.  The  workshop  reviewed  the 
state-of-the-art  of  Super-Emissive  Cathode  Switches,  Magnetically  Delayed  Vacuum 
Switches  and  Solid  State  Switches  and  considered  research  and  development  steps 
that  would  allow  these  technologies  to  meet  these  requirements. 
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7.2  Electron-Beam  Controlled  Semiconductor  Switches  7 

Electron-beam  controlled  GaAs  switches  operating  either  in  the  linear  mode  or 
triggered  into  a  semi-permanent  conductive  state,  can  switch,  like  photoconductive 
switches  at  high  powers,  with  nanosecond  risetimes  and  very  low  jitter.  Since 
electron  beam  sources  have  higher  efficiencies,  higher  repetition  rates,  and  are  less 
expensive  than  lasers  at  comparable  power  levels,  electron  beam  controlled 
semiconductor  switches  could  be  competitive  with  photoconductive  switches  in 
high  average  power  switching  applications.  In  addition  the  use  of  electron  beams  as 
drivers  for  switches  operated  in  the  linear  mode  allows  pulse  shaping  by 
modulating  the  electron  beam  current  in  a  gated  vacuum  tube. 


7.2.1  Electron-Beam  Sustained  GaAs  Switch 

The  concept  of  electron-beam  sustained  semiconductor  switches  (1,  2)  is  based  on 
irradiating  a  wide-bandgap,  direct  semiconductor  material,  such  as  GaAs  or  ZnSe, 
with  a  high  energy  electron-beam.  The  electron-beam  creates  a  high  density 

7  K.  Schoenbach  contributed  this  section.  Work  supported  by  USARO  and  AFOSR 
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electron-hole  carrier  in  a  surface  layer  with  a  depth  in  the  range  of  several  tens  to 
hundreds  of  micrometers.  The  electron-beam-generated  secondary  ionizing 
radiation  (x-rays  and  band-edge  radiation  from  recombining  electron-hole  pairs)  can 
penetrate  deep  into  the  bulk  of  the  semiconductor.  Band-edge  radiation,  with  an 
emission  characteristic  which  is  well  matched  to  the  absorption  spectrum  of  the 
semiconductor,  is  the  dominant  source  of  ionization.  The  physics  of  the  switching 
process  is  therefore  similar  to  that  of  a  laser-driven  photoconductive  switch. 

A  sketch  which  shows  schematically  how  the  switch  can  be  integrated  in  an 
electron-beam  driver  is  shown  in  Figure  7.2.1.  The  switch  consists  of  a  cylindrical 
piece  of  semi-insulating  GaAs  or  any  other  wide-bandgap,  direct  semiconductor.  It  is 
doped  on  the  cathode  side  with  acceptor  material  to  a  depth  equal  to  the  penetration 
depth  of  the  electron-beam.  For  200  keV  this  depth  is  on  the  order  of  100  |im.  At  the 
anode  the  semiconductor  is  doped  with  a  donor  material,  generating  a  P-layer, 
intrinsic,  N-layer  (PIN)  structure. 
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Figure  7.2.1:  Schematics  of  an  electron  beam  controller  switch  with  the  GaAs  switch  integrated  in  a 
gated  electron  tube.  The  Figure  on  the  right  shows  the  design  of  the  solid  state  switch  (PIN  structure) 
and  indicates  the  process  of  electron  energy  conversion  into  band  edge  radiation. 

In  the  open  state  (no  irradiation),  the  bulk  material  has  a  high  resistivity,  with 
measured  hold-off  field  strengths  of  more  than  150  kV/cm.  The  PIN  structure 
prevents  current  injection  into  the  bulk  of  the  switch  and  insures  therefore  a  low 
dark  current. 

To  turn  the  switch  into  the  conducting  state,  closing  the  switch,  an  electron-beam 
with  an  energy  below  the  damage  threshold  of  250  keV,  is  injected  at  the  cathode 
side  of  the  sample.  Due  to  the  small  penetration  depth  of  the  electron-beam,  the 
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electrons  that  stop  in  the  p-type  layer  of  the  switch  create  a  high  concentration  of 
electron-hole  pairs  by  direct  ionization.  Subsequently,  these  pairs  recombine 
emitting  band-edge  radiation  (in  GaAs:  hu  =  1.42  eV)  which  then  penetrates  deep 
into  the  material,  ionizing  the  bulk  of  the  switch.  The  electron-hole  plasma  in  the 
bulk  zone  allows  large  currents  to  flow  during  electron-beam  irradiation. 
Modulation  of  the  electron-beam  current  will  cause  linear  changes  in  electron-hole 
plasma  density  and  therefore  the  switch  current. 

The  strong  p-type  doping  of  the  electron  impact  region  has  two  effects  on  the  switch 
efficiency.  First,  it  enhances  the  probability  of  electron  energy  conversion  into 
photon  energy  and  second,  it  reduces  the  bandgap.  Consequently,  the  resulting  band- 
edge  radiation  undergoes  less  absorption  in  the  intrinsic  material  and  penetrates 
deeper  into  the  bulk.  Proper  doping  of  the  p-type  layer  allows  tailoring  of  the  1  /e 
depth  of  the  band-edge  radiation  with  respect  to  the  switch  geometry,  in  a  similar 
way  to  that  attainable  with  a  tunable  laser. 

Early  experiments  were  performed  with  0.5  mm  thick  semi-insulating  GaAs  wafers 
without  the  PIN  structure.  Electron-beam  current  densities  were  in  the  range  of  10 
mA  /  cm2  with  pulse  durations  in  the  10  ps  range.  Figure  7.2.2  shows  the  results  of 
the  electrical  measurements.  In  the  linear  range,  currents  of  up  to  10  A  have  been 
switched  with  36  mA  electron  beams  corresponding  to  a  current  gain  (switch 
current/electron-beam  current)  of  about  300.  Gains  of  more  than  10,000  have  been 
reached  in  the  nonlinear  range  at  applied  fields  in  excess  of  5  kV/cm.  Also  shown  in 
this  figure  are  results  of  modeling  (solid  lines)  which  indicate  that  linear  switch 
operation,  where  the  switch  current  is  proportional  to  the  applied  voltage,  is  well 
understood. 

Improvements  in  current  gain  by  more  than  an  order  of  magnitude  are  possible  by 
using  PIN  structures.  Also,  modeling  results  indicate  that  it  should  be  possible  to 
extend  the  linear  range  to  much  higher  field  strengths,  avoiding  the  lock-on  effect 
[3],  and  therefore  keeping  the  switch  controllable  over  a  wide  range  of  voltages.  This 
would  allow  the  switch  to  open  even  at  high  applied  voltages  by  turning  off  the 
electron-beam.  Experiments  with  GaAs  in  a  PIN  structure  have  confirmed  this 
prediction  [3a].  It  was  possible  to  apply  five  times  higher  voltage  to  the  switch  than 
to  an  intrinsic  one  without  going  into  the  lock-on  state.  Also,  the  switch  gain 
improved  by  about  a  factor  of  four,  even  though  the  p-type  layer  in  the  GaAs  did  not 
have  the  optimal  thickness.  Because  the  proposed  switch  would  operate  in  the 
linear  regime,  currents  and  voltages  should  scale  linearly  with  switch  dimensions 
and  source  intensities.  Modeling  results  [2],  which  are  experimentally  verified  for 
lower  current  and  voltage  levels,  led  to  the  scenario  generated  by  the  discussion 
group  on  solid  state  switches  [Table  10.1]. 
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Figure  7.2J2:  Comparison  of  experimentally  obtained  J-V  characteristics  with  computed  J-V  curves  for 
0.5  mm-thick  semi-insulating  GaAs  switches.  The  modeling  results  hold  for  low  voltages  only. 


7.2.2  Electron-Beam  Triggered  GaAs:Si:Cu  Switch 

The  development  of  a  new  type  of  semi-insulating  GaAs  at  Old  Dominion 
University  (ODU),  which  has  decay  time  constants  far  exceeding  those  of  GaAs  and 
even  Si,  offers  the  possibility  to  use  this  material  as  a  low  jitter  closing  switch.  This 
switch  can  be  triggered  with  either  a  Nd:YAG  laser,  as  it  was  done  at  ODU,  or  with 
an  electron  beam.  It  has  hold-off  voltages  and  dark  currents  comparable  to  those  at 
GaAs,  but  the  current  decays  with  1/e  times  that  are  long  compared  to  the  pulse 
duration  requirements  of  Linear  Induction  Accelerators  (Figure  7.2.3).  This 
persistence  of  the  current  after  switching  into  the  conducting  state  is  not  due  to  the 
lock-on  effect.  Rather,  it  is  a  linear  effect,  which  results  from  the  slow  trapping  of 
electrons  into  ionized  deep  Cu  centers.  Unlike  the  lock-on  case,  where  the  switch 
current  is  locked  to  a  certain  voltage,  the  forward  voltage  is  only  determined  by  the 
source  function  and  can  therefore  attain  very  low  values.  The  new  material,  silicon 
doped,  copper  compensated  GaAs  (GaAs:Si:Cu)  and  its  applications  are  discussed  in 
[4,  5,  6,  and  7].  One  of  the  most  attractive  features  of  this  new  material  is  its  use  as  an 
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opening  switch,  where  the  current  is  optically  quenched:  GaAs:Si:Cu  switches  can  be 
closed  and  opened  by  means  of  laser  radiation. 


Figure  7.Z3:  Photocurrent  decay  curves  for  slightly  undercompensated  (n-type)  GaAs:Si:Cu  and  slightly 
overcompensated  (p-type)  GaAsSi:Cu.  Un-doped  GaAs  or  chromium  doped  GaAs  has  decay  times  of 
nanoseconds  and  less.  Current  scale  is  40  mA  divr1,  time  scale  is  1000  ns  div*1.  (M.  Mazzola, 

Dissertation,  ODU,  1990) 


The  properties  of  GaAs:Si:Cu,  its  high  optical  gain  together  with  its  low  dark 
current,  make  it  the  best  available  switch  material  for  photoconductive  closing 
switches,  operating  at  voltages  far  below  the  lock-on  voltage.  The  closing  switch 
based  on  e-beam  triggering  of  the  GaAs:Si:Cu  has  been  modeled  and  results  are 
discussed  in  [8].  Results  show  that  subnanosecond  switching  of  a  GaAs:Si:Cu  switch 
into  a  conductive  state  with  less  than  0.1  £2 /cm2  (Figure  7.2.4)  is  possible  with 
electron-beam  pulses  which  generate  carriers  at  a  rate  of  1025  cm*3  s-1.  This 
corresponds  to  an  electron  current  density  of  100  A /cm2  at  an  electron  energy  of  150 
keV.  Although  these  values  seem  high,  it  should  be  considered  that  handheld, 
battery  driven  e-beam  guns  with  2  ns  e-beam  pulses,  which  generate  several 
hundred  amperes  at  the  required  electron  energy  are  available  [10,  also:  M. 
Kristiansen,  Texas  Tech  University]. 

The  calculation  of  Figure  7.2.4  was  performed  for  a  0.5  mm  sample.  However,  it  can 
be  expected,  that  by  relaxing  the  condition  for  the  risetime  from  ps  to  ns,  it  becomes 
possible  to  switch  thick  samples  with  about  the  same  e-beam  flux  as  used  in  the 
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model.  The  advantages  of  using  such  a  switch  in  Linear  Induction  Accelerators 
would  lie  in  the  relatively  inexpensive  (compared  to  lasers)  construction  of  switch 
drivers,  which  allow  precise  switch  triggering  at  high  repetition  rates.  In  addition, 
the  reduced  thermal  loading  of  the  switch  due  to  the  low  forward  voltage  (far  below 
the  lock-on  voltage)  and  the  small  amount  of  trigger  energy  should  allow  easier 
thermal  management  of  the  repetitively  operated  solid  state  switch. 
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Figure  7.2.4:  Calculated  temporal  development  of  switch  voltage  (a)  and  current  density  (b)  in  a  0.5  mm 
GaAs  switch  during  (time  scale  200:  ps  div*1)  and  after  (time  scale  100:  ps  div*1)  electron  beam 
radiation.  The  forward  voltage  during  the  first  100  ps  is  far  below  the  lock-on  voltage.  It  reaches  the 

lock-on  voltage  level  after  about  200  ps. 


Although  this  switch  concept,  as  the  first  one,  is  not  yet  tested  at  high  power  levels, 
it  should  be  scalable  because  it  does  not  rely  on  nonlinear  effects,  such  as  the  lock-on 
effect,  for  the  conduction  phase.  The  novel  idea  in  both  type  of  switches  is  the  use  of 
electron-beams  with  their  inherent  high  efficiency  and  controllability,  and  in  the 
triggered  switch  case,  the  utilization  of  "tailored"  switch  materials.  In  both  cases  it  is 
not  even  necessary  to  generate  the  cathodoluminescence  in  the  switch  itself.  It  is 
possible  to  have  the  electron-beam  controlled  light  source  separated  from  the  switch 
and  to  couple  the  light  through  fibers  from  source  to  switch  [9].  This,  although  less 
efficient  than  having  the  light  source  integrated  in  the  switch,  might  have 
advantages  in  switching  parallel  systems  with  low  jitter. 
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Measurements  and  model  calculations  on  semi-insulating  GaAs  as  material  for  optically  and  electron-beam  con¬ 
trolled  semiconductor  switches  have  shown  that  the  steady  state  current  is  a  strongly  nonlinear  function  of  both  the 
applied  voltage  and  the  radiation  intensity.  The  nonlinear  shape  of  these  curves  can  be  influenced  over  a  wide  range 
by  doping  with  suitable  deep  acceptors  or  donors,  a  result  which  opens  the  possibility  of  "tailoring”  the  materials 
to  meet  specific  demands.  As  an  example,  it  is  discussed  how  a  current-controlled  negative  differential  conductivity 
due  to  Cu-doping  can  be  utilized  for  a  fast  (sub-nanosecond)  e-beam  controlled  switch  which  operates  at  low  dark 
current,  high  hold-off  voltage  and  a  forward  resistance  which  lies  considerably  below  the  lock-on  resistance. 

I.  INTRODUCTION 

The  concept  of  electron-beam  controlled  semiconductor  switches  is  based  on  the  generation  of  free  charge  carriers  in 
the  bulk  of  a  semi-insulating  semiconductor,  utilizing  both  the  direct  and  the  indirect  ionizing  effects  of  high-energy 
electrons.  A  beam  of  such  electrons  with  a  current  of  up  to  100  A/cm2  and  an  energy  of  up  to  150  keV  can  easily  be 
generated  with  standard  vacuum  technology,  making  a  compact  and  economic  switch  design  possible  A  thorough 
analysis  of  the  device  in  the  linear  regime  has  been  given  in  references  [1]  and  (2). 

Recently,  much  attention  has  been  focused  on  the  non-linear  behavior  of  optically  and  electron  beam  controlled 
semiconductor  switches,  concentrating  on  features  like  the  non-linear  dark  current  characteristics,  the  break-down 
voltage,  and  on  the  so-called  lock-on  effect  (3,4,5].  The  experimental  results  of  different  groups  vary  considerably.  This 
indicates  that  the  named  characteristics  are  essentially  determined  by  the  non-ideal  features  of  the  semiconductor, 
in  particular  by  the  localized  deep  energy  levels  generated  by  impurities  or  defects. 

•:  'ev; 1 

*  :  wCnc'JC’.ior 


ill  1 

’  .01-1 
<  a  Is  c  S 


!  Z' z  s 

=  CPC 

Figure  1:  Model  of  the  Level  Structure  of  Cu:Si- Doped  Semi- Insulating  GaAs. 
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The  strong  dependence  of  the  switch  characteristics  on  impurities  and  defects  is  on  one  hand  an  obstacle  for 
standardization  of  semiconductor  switches,  but  can  also  be  seen  as  an  opportunity  “Tailoring'  of  the  sw  itch  material 
becomes  possible  Deep  traps  in  the  band  gap  are  responsible  for  the  high  resistance  of  semi-insuiaung  GaAs  and 
determine  largely  the  /-V  -characteristicsof  the  material  (4]  Some  of  them,  like  the  general!*  dominant  electron  trap 
EL2.  are  related  to  defects  resulting  from  the  composite  nature  of  GaAs  and  are  hence  intrinsic  to  the  material  others 
however,  can  be  introduced  by  doping  the  crystal  with  suitable  acceptors  or  donors  The  strong  dependence  of  the 
material  properties  on  these  dopants  opens  the  possibility  of  shaping  the  conductance  of  the  semiconductor  to  meet 
specific  demands.  In  the  following,  we  discuss  the  example  of  a  current-induced  negative  differential  conductivity  due 
to  copper  doping  and  how  it  may  be  utilized  to  design  a  fast  (sub-nanosecond)  on-swuch  which  operates  at  low  dark 
current,  has  a  high  hold-off  voltage  and  shows  forward  resistance  which  is  considerably  below  that  obtained  under 
lock-on  conditions  The  assumed  energy  level  structure  is  given  in  figure  I.  It  consists  of  the  two  copper  levels  Cu* 
and  Cub  which  act  as  hole  traps,  and  of  the  intrinsic  electron  trap  EL2. 
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Figure  2:  Schematic  Representation  of  the  Switch  Circuit. 


II.  MODELING  THE  SWITCH  CONFIGURATION 

In  order  to  analyze  the  performance  of  electron-beam  controlled  semiconductor  switches,  we  have  developed  a 
model  based  on  the  idealized  configuration  show-n  in  figure  2.  The  voltage  source  represents  a  pulse  forming  line 
with  an  internal  resistance  of  R  =  50  fi.  We  assume  that  the  switch  diameter  (A  —  1  cm7)  is  large  compared  to 
its  thickness  ( L  =  0.5  mm),  such  that  a  set  of  one-dimensional  equations  can  be  employed  to  describe  the  electron 
and  hole  transport.  Our  model  includes  the  generation  of  free  charge  carriers  through  radiative,  thermal  or  impact 
ionization,  their  transport  under  the  influence  of  the  electrical  field,  and  their  recombination  or  trapping  in  intraband 
traps.  Denoting  the  number  of  electrons  in  the  conduction  band  and  the  number  of  holes  in  the  valence  b^nd  by  n 
and  p,  respectively,  the  densities  of  the  various  carrier  traps  by  ;V,  and  their  relative  occupation  number  by  r,,  the 
system  of  dynamical  equations  reads 
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In  these  expressions.  t?«  and  v,  stand  for  the  field  dependent  drift  velocities  of  the  electrons  and  ther  holes, 
respectively,  D„  and  Df  are  the  diffusion  coefficients.  The  dottet  terms  on  the  right  hand  side  denote  the  balances 
of  direct  recombination,  thermal  pair  generation  and  impact  ionization  (hev),  and  trapping  and  thermal  release  of 
electrons  or  holes  (rc,  and  rvt).  Together  with  the  corresponding  cross  sections,  they  are  visualized  in  the  band 
structure  model  if  figure  1.  The  source  function  5  represents  the  generation  of  electron-hole  pairs  due  to  the  external 
source  (S);  for  the  sake  of  simplicity  we  assume  it  to  be  spatially  constant  For  an  electron  beam  of  150  keV  energy, 
5  is  10”  cm-V  x  Acm-7 


Th«  description  of  the  system  is  completed  with  Poisson's  equation  which  connects  the  electrical  field  E  to  the 
(xcess  charge  in  the  crystal,  the  quantities  .V^,  <0  and  <,  stand  for  the  effective  shallow  doping  density,  the  absolute 
*nd  the  relative  dielectric  constant,  respectively 

<o =  e(n  -  P  + .V,r,  +  .V*). 

i 

We  have  solved  the  equations  numerically  under  the  assumption  of  steady  state,  closely  following  a  procedure 
which  is  more  extensively  discussed  in  reference  (2),  and  in  the  transient  case  where  we  have  implemented  a  hybrid 
code  which  combines  a  Lagrangian  treatment  of  the  free  carriers  with  an  Eulerian  description  of  the  trapped  charges 
(This  approach,  which  virtually  eliminates  the  spurious  numerical  diffusion  inherent  to  finite  differencing  methode? 
ensures  a  satisfactory  accuracy  even  for  a  relatively  small  number  of  discretization  points.)  For  all  calculations  th- 
contacts  have  been  assumed  to  be  injective  with  negligible  contact  resistance. 


Figure  3:  The  Steady  State  /-/-Curves  with  and 
whithout  Electron-Beam  Irradiation,  and  the  Load 
Line  of  the  Voltage  Source. 


:co  see  ■ cco 

.cl'acc  ;  •/  ; 

Figure  4:  The  Experimentally  Obtained  Dark  Cur¬ 
rent  Curve  for  GaAs:Cu:5i- 


in.  STEADY  STATE  CURRENT-VOLTAGE  CHARACTERISTICS 

First,  we  consider  the  time-independent  current-voltage  characteristics  of  the  switch.  We  have  calulated  the  I- 
V-curves  for  the  case  S  =  0  (dark  current),  and  for  every  power  of  ten  between  10M  cm~3s"'  and  10*5  cm"V, 
corresponding  to  e-beam  currents  between  1  nA/cm*  and  100  A/cm*.  The  familiy  of  curves  is  displayed  in  figure  3. 
together  with  the  load  line  /  =  4  kV  -  ;  •  SODcm*  of  the  assumed  voltage  source. 

Let  us  focus  first  on  the  dark  current  curve  S  =  0.  For  low  voltages,  V  <  100  V,  it  exhibits  a  linear  ohmic 
behavior  with  j  =  e(jinn«q  +  nfp^)V/L  =  Go/,  the  conductivity  being  determined  by  the  carrier  concentration  in 
the  thermodynamic  equilibrium.  For  higher  voltages,  100  V  <  /  <  5  kV,  deviations  from  this  relation  arise  which 
are  due  to  the  nonlinear  dependence  of  the  drift  velocities  on  the  electrical  field,  but  the  current  voltage  curve  is  still 
monotonic.  At  about  5  kV,  however,  the  current  slope  begins  to  rise  steeply  and  finally  bends  back  to  lower  voltages. 
The  occurrance  of  such  a  current-controlled  negative  differential  conductivity  has  first  been  predicted  by  Lampert  et 
al.  [6].  It  can  be  understood  as  a  phenomenon  resulting  from  the  effects  of  trap  filling  and  double-current-injection: 
In  the  low  current  regime,  any  injected  charge  carriers  are  quickly  trapped  in  the  vicinity  of  the  contacts  so  that  they 
create  a  considerable  space  charge  (and  hence  voltage  drop)  but  do  not  contribute  to  the  current  flow.  At  currents 
above  10  mA/cm*,  however,  the  deep  traps  are  essentially  filled,  leading  to  a  drastically  increased  effective  carrier 
lifetime,  a  more  homogeneous  charge  distribution  and  hence  to  a  reduced  forward  voltage. 
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Ad  important  effect  resulting  from  the  negative  differential  conductivity  of  the  sample  is  that  the  dark  current 
characteristic  crosses  the  load-line  of  the  voltage  source  at  three  different  points  which  determine  three  distinct  steady 
states  of  the  system,  denoted  by  I.  Si  and  Sj  in  figure  3  The  state  I  is  externally  unstable  because  of  /?-*-  >0.  the 

two  states  5 1  and  Sj  are  externally  stable.  Assuming  also  internal  stability,  we  can  conclude  that  the  configuration 
of  figure  2  shows  a  pronounced  bistable  behavior  with  a  low-current  (or  hold-off)  state  Si  and  a  high-current  (or 
loclc-on)  state  S; 

At  this  point,  it  is  interesting  to  compare  the  numerical  results  with  some  experimentally  obtained  data  Figure  4 
shows  the  dark  current  /-V-curve  for  a  sample  which  was  manufactured  by  electrically  compensating  silicon  doped 
gallium  arsenide  through  thermal  diffusion  of  copper  into  the  host  crystal.  The  two  curves  show  a  satifactory  qualita¬ 
tive  agreement  with  respect  to  the  current  controlled  negative  differential  conductivity,  but  a  rather  poor  quantitative 
correspondence  in  terms  of  the  maximum  hold-off  voltage  and  the  minumum  sample  voltage  at  higher  currents.  The 
reason  for  this  is  probably  that  the  deep  level  structure  used  in  our  calculations  gives  only  an  approximate  (and 
simplified)  representation  of  the  real  material,  mainly  because  collisional  processes  which  lead  to  trap  emptying  are 
not  yet  considered  in  the  model.  Processes  of  this  type,  which  are  difficult  to  include  in  the  model  because  of  the  lack 
of  basic  data,  are  at  least  partially  to  blame  for  the  still  existing  gap  between  experimental  and  theoretical  results 

Let  us  now  turn  to  the  current  voltage  characteristics  under  irradiation.  As  one  should  expect,  they  also  show  a 
linear  behavior  for  low  voltages,  j  =  e(pnn  +  fipp)V/L  =  GsV ,  corresponding  to  a  homogeneous  field  distribution.  At 
higher  voltages,  hovever,  deviations  from  the  linear  slope  become  significant  because  the  effects  of  the  external  source 
function  are  no  longer  dominant  compared  to  those  of  internal  electron-hole-pair  generation  and  current  injection 
through  the  contacts.  Finally,  the  I-V-curves  under  irradiation  merge  with  the  dark  current  curve 

From  the  family  of  1-V-curves  in  figure  3  and  the  load  line  of  the  assumed  voltage  source  we  can  already  infer 
the  essential  characteristics  of  a  switching  scenario:  Assume  the  system  to  be  in  the  hold-off  mode  with  an  applied 
voltage  of  4  kV  and  a  currrent  of  about  1  mA/cm5.  Starting  from  5  =  0,  we  may  imagine  a  slow  (adiabatic)  increase 
of  the  source  function  and  a  corresponding  rise  in  the  conductance.  At  first,  the  state  of  the  system  will  follow  the 
intersection  of  the  load  line  and  the  I-V-curves  quasistatically;  at  S  a  10ls  cm-3s” 1 ,  this  intersection  and  also  the 
corresponding  steady  state  vanish:  The  system  cannot  react  adiabatically  anymore,  it  has  to  undergo  a  transition 
into  a  dynamical  state  and  will  finally  reach  the  high-current  mode.  From  there,  it  can  follow  any  subsequent  changes 
in  the  source  function  quasistatically  again;  in  particular,  it  will  go  into  the  lock-on  state  Si  when  the  source  function 
is  switched  off. 

From  the  expected  bi-stable  behavior  of  the  switch  we  conclude  that  doping  of  GaAs  with  deep  acceptors  such 
as  copper  opens  the  possibility  to  design  a  very  economical  switch.  Source  functions  as  low  as  10'*  cm_3s_1  which 
correspond  to  an  electron  beam  of  0.1  pA/cm*  and  130  keV  energy,  or  to  a  GaAs  laser  diode  of  10  mW/cm*  can  be 
used  to  trigger  the  switch  into  a  low  impedance  mode,  followed  by  the  lock-on  mode  with  slightly  higher  impedance. 

IV.  TRANSIENT  SIMULATION 

Unfortunately,  a  quasistatic  investigation  alone  does  not  allow  us  to  conclude  on  the  temporal  characteristics  of 
the  switching  process.  As  the  transition  to  the  lock-on  mode  is  related  to  the  filling  of  the  deep  carrier  traps,  we 
can  roughly  estimate  the  closure  time  by  r  —  S/S.  where  ;V  ft:  10l*  is  a  typical  trap  density  To  obtain  a  more 
quantitative  formulation,  we  have  to  employ  a  complete  transient  simulation  of  equations  (1)  -  (4)  For  the  sake  of 
conciseness,  we  confine  ourselves  to  the  discussion  of  one  case  which  is  typical  for  our  experimental  results. 

Figure  3  shows  a  synopsis  of  the  simulation,  i.e.,  the  voltage  of  the  source,  the  voltage  across  the  switch,  and 
the  current  density  as  a  function  of  time.  (Note  the  different  scales  for  the  f-axis.)  We  start  the  system  at  t  =  0 
from  the  thermodynamic  equilibrium,  i.e.,  from  the  stale  with  no  voltage  and  no  source  function  applied.  First,  the 
source  voltage  is  increased  within  about  10  ns  to  a  value  of  4  keV,  to  which  the  switch  responds  with  the  dielectrical 
displacement  current.  After  the  final  voltage  has  been  reached,  this  current  dies  rapidly  off  and  the  system  reaches 
steady  state;  comparison  with  figure  3  shows  that  this  is  indeed  the  low-current  hold-off  state  St 

After  40  ns,  we  apply  a  source  function  of  S  =  10**  cm_3s_1  for  a  time  span  of  750  ps.  The  system  reacts  within 
about  three  hundreds  ps  by  increasing  the  conductivity  such  that  the  voltage  at  the  switch  breaks  down  to  about 
1  V,  a  value  which  corresponds  almost  to  the  steady  state  value.  During  irradiation,  the  deep  centers  trap  charges 
form  the  conduction  and  the  valence  band,  respectively,  so  that  at  the  end  of  the  750  ps  the  electron  trap  is  nearly 
completely  filled,  and  the  dominant  hole  is  trap  filled  to  about  50%. 

After  the  source  function  has  been  switched  off  again,  we  now  follow  the  relaxation  of  the  system  on  a  much  longer 
time  scale.  First,  the  remaining  hole  sites  in  the  Cu-level  trap  the  holes  in  the  valence  band  and  form  an  immobile 
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positive  space  charge,  wheras  electrons  stay  in  the  conduction  band  because  the  EL'2-trap  is  already  completely 
filled  As  a  consequence,  the  system  is  now  'dynamically"  n-type.  and  it  remains  in  a  highly  conductive  state  for  4 
considerable  time  (This  effect  was  first  used  by  Schoenbach  ei  al  [7]  in  the  BOSS  concept  As  in  this  concept  the 
current  could  be  quenched  by  releasing  the  holes  with  laser  irradiation.) 

After  a  time  span  of  some  hundred  /is.  the  trapping  of  electrons  in  the  Cu-levels  starts  to  make  an  impact  on 
the  conductance  of  the  switch  It  decreases  to  a  certain  extent,  and  the  voltage  increases  to  a  value  of  about  50  V 
Comparison  with  figure  3  shows  that  this  is  actually  the  lock-on  state  as  discussed  in  the  previous  section 

V.  SUMMARY  AND  DISCUSSION 

Our  considerations  have  shown  experimentally  and  theoretically  that  the  current-voltage  curves  of  semi- insulating 
GaAs  can  be  tailored  by  doping  the  material  with  deep  acceptors  or  donors.  The  use  of  copper  as  a  dopant  induces 
a  pronounced  current  controlled  negative  differential  conductivity  which  leads  to  a  bistable  behavior  of  the  system 
This  characteristic  feature  offers  the  possibility  to  design  an  on-switch  which  combines  a  high  hold-off  voltage  and 
low  forward  resistance  and  hence  reaches  a  very  favorable  efficiency.  Two  limiting  cases  -  *e  of  interest: 

•  If  delay  times  of  ps  and  more  are  of  no  concern,  switching  with  large  current  rise  can  already  be  achieved  with 

source  functions  as  low  as  S  =  1016  cm_3s“ 1 ,  corresponding  to  e-beam  or  laser  power  of  the  order  of  10  mW /cm5 

•  With  source  functions  of  S  =  105Scm'3s-1  switching  can  be  obtained  on  a  sub- nanosecond  time  scale  The 

beam  power  in  this  case  is  relatively  high,  P  -  10‘ W/cm!,  but  easily  obtainable  with  electron  beam  guns  It 
corresponds  to  beam  currents  of  about  100  A/cm5  at  150  keV:  the  corresponding  pulse  energy,  however,  is  still 
only  of  the  order  of  lO'^J/cm5 

These  examples  show  that  the  electron-beam  controlled  semiconductor  switches  promises  to  be  a  very  attractive 
alternative  to  optically  controlled  semiconductor  switches  as  well  as  to  conventional  thyralrons.  It  should  be  empha¬ 
sized  that  the  properties  of  the  devices  can  be  improved  even  more  by  employing  semiconductors  with  higher  band 
gap.  Materials  like  ZnSe  promise  to  yield  superior  performance  in  terms  of  leakage  current,  hold-off  voltage  and 
temperature  stability,  a  perspective  which  will  undoubtedly  motivate  increased  research  effort  into  that  direction 
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Abstract— The  conductivity  of  wide-bandgap  semiconductors  can  be 
effectively  controlled  by  electron-beam  excitation  thereby  allowing  these 
materials  to  be  used  as  closing  and  opening  switches  in  high-power, 
high-repilition  rate  systems.  Semi-insulating  GaAs  is  experimentally 
studied  with  respect  to  its  application  in  electron-beam-controlled 
switches.  The  dark  current  through  the  switch  is  measured  both  before 
and  after  electron-beam  irradiation.  A  "lock-on"  effect,  similar  to  that 
seen  in  photoconductive  switches,  is  observed  after  the  electron  beam 
is  terminated.  This  effect  is  characterized  by  the  switch  current  contin¬ 
uing  to  How .  locked  to  a  certain  voltage,  as  long  as  the  voltage  is  ap¬ 
plied  across  the  switch.  A  possible  explanation  for  this  effect,  based  on 
the  process  of  electron  and  hole  injection  at  the  contacts  is  presented. 
A  method  to  minimize  double  injection  is  offered  to  make  the  electron- 
beam-controiled  switch,  along  with  the  photoconductive  switch,  prac¬ 
tical  for  use  as  both  an  opening  and  closing  switch. 


I.  Introduction 

RESEARCH  on  photoconductive  semiconductor 

switches  has  evolved  rapidly  during  the  past  few 
years.  Whereas  most  of  the  research  initially  has  been 
concentrated  on  silicon  (Si)  as  the  switch  material,  there 
is  recently  more  and  more  interest  in  semi-insulating  (SI) 
gallium  arsenide  (GaAs).  ^ome  of  the  benefits  of  using 
SI  GaAs  in  a  high-power  switch  instead  of  Si  are  that  it 
has  a  higher  electron  mobility,  higher  dark  resistance, 
higher  dielectric  strength,  and  a  faster  recombination  time. 
Besides  these  material  properties,  GaAs  has  an  additional 
advantage  in  that  copper-compensated  silicon-doped  GaAs 
can  be  utilized  as  a  material  for  optically  controlled  clos¬ 
ing  and  opening  switches  [1]. 

Although  photoconductive,  high-power  switches  have 
been  studied  for  less  than  a  decade  [2],  they  have  gained 
much  more  attention  than  electron-beam-controlled 
pulsed-power  switches  which  were  studied  for  a  much 
longer  time  [3],  (4].  Recently,  research  in  this  field  has 
gained  new  momentum  due  to  an  improved  switch  con- 
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cept  (5|-(7).  This  concept  is  based  on  the  generation  of 
free  charge  carriers  in  the  bulk  of  the  semiconductor  by 
induced  cathodoluminescence.  Using  an  electron  beam  to 
ionize  the  semiconductor  allows  the  switch  to  be  closed 
for  microsecond  or  even  millisecond  time  durations.  Once 
the  electron  beam  is  terminated,  the  switch  will  open  due 
to  electron-hole  recombination,  trapping  of  free  carriers, 
diffusion,  and  carrier  sweep-out.  The  recovers  time  of 
photoconductive  GaAs  switches  was  measured  to  be 
nanoseconds  and  less  for  low'  applied  voltages  18].  It 
should  not  be  different  for  electron-beam  excitation. 
Therefore,  the  electron-beam  switches  should  be  useful  in 
systems  where  high  repetition  rates  are  required  or  where 
switches  are  needed  to  operate  in  a  burst  mode. 

Some  of  the  advantages  of  electron-beam-controlled 
switches  compared  to  conventional  photoconductive  (laser 
controlled)  switches  are  as  follows: 

•  Compared  to  high-power  lasers,  electron  beams  al¬ 
low  easy  temporal  control  of  the  beam  current.  When 
combined  with  the  linear  characteristics  of  the  electron- 
beam-controlled  semiconductor  switch,  a  device  which 
promises  to  be  very  useful  for  the  purpose  of  high-power 
modulation  can  be  developed.  This  could  have  applica¬ 
tions  in  inductive  energy  storage  devices  where  it  is  de¬ 
sirable  to  control  the  conduction  phase  of  the  opening 
switch  to  optimize  the  power  transferred  into  the  load. 

•  Electron  beams  with  power  densities  in  the  1-  to 
100-kW  range  can  be  generated  with  relatively  uncompli¬ 
cated  devices  like  vacuum  tubes.  Therefore,  compact  and 
economical  integrated  switch  designs  are  possible. 

An  obstacle  for  the  use  of  GaAs  switches  as  opening 
switches  in  high-voltage  systems,  however,  is  the  so- 
called  ‘‘lock-on”  effect.  This  effect  is  manifested  by  the 
inability  of  the  switch  to  recover  to  its  initial  hold-off  volt¬ 
age  following  the  application  of  an  electron  beam  or  laser 
pulse  and  results  in  a  current  which  persists  after  the 
source  of  irradiation  has  been  removed  [9],  [  10).  In  order 
to  investigate  the  lock-on  effect  in  electron-beam-con¬ 
trolled  semiconductor  devices,  the  dark  current  was  mea¬ 
sured  under  both  steady-state  and  transient  conditions  for 
a  range  of  applied  voltages.  From  the  results  of  these 
measurements:  a)  the  nature  of  the  semiconductor  mate¬ 
rial  may  be  established  and  b)  its  application  to  high- 
power  switching  can  be  assessed.  The  purpose  of  this 
work  is  to  study  the  lock-on  phase  of  the  switch  cycle. 
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after  termination  of  the  excitation  source,  and  compare  it 
with  the  dark-current  characteristics  of  the  switch. 

II.  The  Dark  Current  at  Low  Voltages 

The  material  used  in  the  experimental  investigation  was 
as-grown  (or  EL2-compensated)  SI  GaAs  (11]  with  a  re¬ 
sistivity  of  6  x  106  fl  •  cm.  The  thickness  of  the  switch 
bulk  was  0.065  cm  with  a  contact  area  of  about  1 . 1  cm:. 
The  sample  geometry  consisted  of  the  bulk  region  with 
aligned  parallel-plate  contacts.  The  contacts  were  manu¬ 
factured  by  thermally  depositing  a  Au(88%  )-Ge(  12%  ) 
alloy  to  a  thickness  of  100  nm.  The  sample  was  then  an¬ 
nealed  at  450°C  in  N:  at  atmospheric  pressure  fora  period 
of  15  min. 

The  low-voltage  steady-state  l-V  characteristics  of  the 
material  were  measured  with  a  Keithley  617  electrometer 
which  measured  the  current  and  supplied  the  voltage  up 
to  100  V.  Potentials  above  100  V  were  supplied  by  a  Ber- 
tan  3-kV  dc  power  supply.  All  measurements  were  con¬ 
ducted  with  the  sample  in  the  dark  and  in  a  vacuum  of 
about  5  mtorr.  The  vacuum  was  used  to  provide  thermal 
isolation  from  the  environment  when  the  temperature  of 
the  sample  was  varied. 

The  l-V  characteristics  of  the  material  are  shown  in  Fig. 

1  with  the  curves  being  generated  at  a  constant  tempera¬ 
ture  (  ±  1  °C ).  The  most  noticeable  feature  of  these  curves 
is  the  existence  of  a  linear  "ohmic”  region  which  shifts 
uniformly  with  temperature.  This  shift  with  temperature 
is  a  function  of  the  deep-level  configuration  of  the  mate¬ 
rial  rather  than  a  simple  exponential  function  of  the  band- 
gap  energy.  A  more  detailed  study  of  the  temperature  ef¬ 
fect  on  this  material  can  be  found  in  [12],  When  a  certain 
voltage  level  is  reached,  the  current  rapidly  increases  with 
a  small  change  in  sample  voltage.  The  voltage  at  which 
this  transition  occurs  is  called  the  trap-filied-limit  voltage 
( PTFL ).  This  transition  occurs  at  a  PTFL  of  100  V  ( 1.5 
kV  /cm )  for  a  temperature  of  24°C.  A  switch  can  only  be 
operated  up  to  this  voltage  under  static  bias  conditions 
without  excessive  leakage  current. 

The  theoretical  analysis  of  the  low-voltage  character¬ 
istics  is  based  on  the  single-carrier-injection  model  de¬ 
veloped  by  Lampert  et  al.  1 13).  For  this  analysis,  the  ef¬ 
fect  of  hole  injection  is  neglected  because  the  material  is 
n-type.  i.e..  ;t„  »  p„.  and  the  electron  mobility  is  much 
greater  than  the  hole  mobility.  For  low  voltages,  the  l-V 
characteristic  is  determined  by  Ohm’s  law.  The  rapid  in¬ 
crease  in  the  measured  current  occurring  at  kVFl  is  a  trap¬ 
filling  effect  resulting  from  the  electron  lifetime  becoming 
greater  than  the  electron  transit  time. 

The  value  of  KTFL  contains  information  on  the  concen¬ 
tration  of  the  dominant  empty  traps  at  thermal  equilibrium 
(p,o>-  therefore,  it  is  possible  to  calculate  the  value  of 
J'tfl  from  basic  data  on  deep  centers  in  GaAs.  According 
to  Lampen  and  Mark  [14],  pl0  is  given  by 

p,o  =  l2(VTFL)/(eL2)  (1) 

where  e  is  the  material  permittivity,  e  is  the  electron 
charge,  and  L  is  the  distance  between  the  contacts. 
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Fig  I.  DC  l-V  characteristics  of  semi-insulaling  GaAs  (  6  *  10"  fi  cm  I 
with  temperature  as  the  variable  parameter 


Using  the  experimentally  obtained  value  of  Vlfl  in  (1) 
yields  an  empty  trap  concentration  of  p,0  =  3.4  x  10" 
cm'3.  From pt0  we  can  obtain  the  total  trap  concentration 
( N, )  from  the  relation 


1  +  g  exp  [(£>  -  E,)/kT] 

where  T  is  the  temperature  in  kelvins.  k  is  the  Boltzmann 
constant.  E,  is  the  activation  energy  of  the  trap.  E,  is  the 
Fermi  energy,  and  g  is  the  ground-state  degeneracy  of  the 
deep  level.  For  our  analysis  we  assume  the  deep  level  to 
have  a  degeneracy  of  2. 

To  determine  the  Fermi  energy  (Ef),  the  thermal  free- 
electron  concentration  (n0)  is  found  by  fitting  Ohm's  law 
to  the  linear  region  of  Fig.  1  for  a  temperature  of  24°C. 
The  electron  mobility  is  given  as  6653  cnr/V  •  s  (11). 
With  a  value  of  no  =  5.8  x  107  cm-3  the  location  of  the 
Fermi  level  was  calculated  to  be  E,  —  Ef  —  0.58  eV. 
Assuming  that  EL2.  which  is  located  at  0.825  eV  below 
the  conduction  band  (15).  determines  the  value  of  Vlf^, 
a  trap  density  of  N,  {  EL2  }  =  9.7  x  1013  cm'3  was  ob¬ 
tained  which  is  close  to  the  values  normally  quoted  for 
EL2  in  SI  GaAs  [16J.  It  is  generally  considered  that  EL2 
exhibits  donor-like  tendencies  in  SI  GaAs  [17],  There¬ 
fore.  in  order  to  make  the  material  semi-insulaling,  there 
must  be  some  acceptor-like  impurities  in  the  material  to 
compensate  the  donors.  These  acceptors  may  be  located 
close  to  the  valence  band  (i.e..  carbon)  and  play  no  role 
other  than  to  provide  compensating  holes  for  the  trapping 
centers.  Or,  they  may  be  located  deep  in  the  bandgap  (i.e., 
chromium)  and  act  as  both  a  compensating  level  and  a 
hole  trap. 

III.  Transient  Dark  Current  Response 

In  order  to  investigate  the  temporal  characteristics  of 
the  dark  current,  the  transient  response  to  a  step  voltage, 
a  hard-tube  pulse  generator  was  constructed  which  would 
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Fig.  2.  Experimental  setup  of  the  system  used  to  measure  the  l-V  char¬ 
acteristics  with  a  15-ns  voltage  pulse. 
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Fig.  3.  Temporal  development  of  the  switch  dark  current  using  the  hard- 
tube  pulser.  ( Sample  resistivity:  6  x  10“  fi  ■  cm. ) 


apply  voltage  pulses  of  up  to  3  kV  for  hundreds  of  milli¬ 
seconds  across  a  high-impedance  load  (>  kfl’s).  This 
pulser  allowed  higher  voltages  to  be  applied  across  the 
sample  than  would  be  possible  with  a  dc  bias  because  the 
limited  pulse  duration  reduced  the  problem  of  heating 
caused  by  high  dark  currents.  The  circuit  consisted  of  a 
storage  capacitor  which  is  charged  to  the  desired  voltage 
and  discharged  through  a  resistor  ( 100  kft)  that  is  in  par¬ 
allel  with  the  sample.  The  switch  used  to  control  the  pulse 
width  is  an  RCA  6293  beam-power  amplifier  vacuum  tube 
with  a  maximum  plate  voltage  of  3.5  kV. 

As  the  voltage  across  the  sample  is  increased,  the  sam¬ 
ple  impedance  becomes  too  low  to  be  driven  by  the  hard- 
tube  circuit  for  a  sufficient  time  to  allow  the  full  devel¬ 
opment  of  the  current.  Therefore,  a  second  pulse  circuit, 
shown  in  Fig.  2,  is  used  to  allow  the  dark  current  to  be 
measured  at  lower  sample  impedances.  The  circuit  uses  a 
15-0  pulse-forming  network  which  provides  a  I5-/xs  volt¬ 
age  pulse. 

A  typical  voltage  and  current  waveform  using  the  hard- 
tube  pulser  is  shown  in  Fig.  3.  After  the  initial  application 
of  the  voltage  step  there  is  an  initial  current  spike  which 
is  attributed  to  the  displacement  current.  After  the  dis¬ 
placement  current,  the  dark  current  remains  very  low  for 
an  “onset  time,”  which  is  defined  as  the  time  delay  for 
the  dark  current  to  reach  roughly  1  %  of  the  peak  current, 
and  then  monotonicaily  increases  up  to  a  constant  value. 

Fig.  4  shows  the  current  and  voltage  waveforms  that 
are  measured  using  the  circuit  shown  in  Fig.  2  without 
electron-beam  irradiation.  It  clearly  shows  a  decrease  in 
the  onset  time  that  occurs  with  an  increase  in  the  applied 
voltage.  The  onset  time  is  a  strong  function  of  the  ampli¬ 
tude  of  the  applied  voltage  pulse  as  shown  in  Fig.  5.  In 
Fig.  3,  the  onset  time  is  about  900  /xs  and  the  time  to 
reach  the  steady-state  value  is  about  2.9  ms  for  an  applied 
voltage  of  200  V.  This  effect  is  also  found  to  occur  in 


(a) 


Fig.  4  Temporal  behavior  of  the  switch  voltage  (a)  and  switch  current  (b) 
using  the  circuit  shown  in  Fig.  2  with  the  initial  applied  voltage  (  Vn)  as 
the  variable  parameter  (without  electron-beam  irradiation) 


p-SI-n  structures  where  the  p  and  n  regions  are  epitaxially 
grown  on  a  SI  GaAs  substrate  [18].  The  SI  region  on  these 
structures  is  in  the  range  of  20  to  60  fim  thick. 

The  onset  time  was  also  found  to  be  a  function  of  the 
deep-level  configuration  of  the  material  as  well  as  the  ap¬ 
plied  voltage  and  temperature.  This  was  found  when  the 
same  experiment  was  conducted  on  SI  GaAs  which  was 
compensated  with  carbon  such  that  the  material  resistivity 
was  3  x  108  S2  •  cm  [19],  compared  to  6  x  I06  fl  •  cm 
for  as-grown  SI  GaAs.  For  this  material  and  for  an  ap¬ 
plied  voltage  of  about  650  V,  the  onset  time  was  found  to 
be  120  ms  and  the  steady-state  current  was  reached  in 
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Fig  5.  Dark  current  "onset"  lime  versus  applied  voltage 


Fig  6  Dark  current  density  versus  applied  voltage  for  semi-insulating 

GaAs. 


about  320  ms  at  room  temperature.  Therefore,  this  ma¬ 
terial  had  an  onset  time  that  was  more  than  two  orders  of 
magnitude  longer  than  the  6  X  106  fl  •  cm  material  for 
an  applied  bias  that  was  about  a  factor  of  three  higher  than 
that  shown  in  Fig.  3. 

Fig.  6  shows  the  steady-state  currents  in  SI  GaAs  ob¬ 
tained  with  both  the  dc  and  the  pulsed  bias  measurements 
at  room  temperature.  The  circles  represent  dc  measure¬ 
ment  results  as  shown  in  Fig.  1  at  24°C.  The  squares  show 
the  data  obtained  using  the  hard-tube  pulser.  The  slope  of 
the  square  data  points  appears  to  be  saturating  into  an 
I  <x  V-  dependence.  The  triangles  in  Fig.  6  depict  the  data 
taken  using  the  circuit  shown  in  Fig.  2  and  correspond  to 
the  peak  in  the  sample  current  and  the  sample  voltage  dur¬ 
ing  that  peak.  In  this  range  the  current  increases  with  little 
change  in  voltage.  The  apparent  negative  slope  is  possibly 
the  result  of  the  current  not  reaching  a  steady  state  in  the 
I5-/ls  voltage  pulse  provided  by  the  circuit. 

Double-pulse  experiments,  using  the  hard-tube  circuit, 
were  conducted  to  determine  the  recovery  of  the  material 
after  the  removal  of  the  voltage.  These  measurements, 
which  are  important  for  the  repetitive  operation  of  the 


switch,  were  done  by  applying  two  identical  voltage 
pulses,  with  a  variable  time  delay  between  them,  to  the 
sample  while  measunng  the  current.  It  was  found  that 
when  the  second  pulse  was  applied  the  onset  time  was 
much  shorter  than  that  measured  for  the  first  pulse.  In  fact, 
it  normally  took  more  than  a  1-s  delay  between  pulses  for 
the  sample  current  to  show  the  same  temporal  develop¬ 
ment  as  the  first  pulse  at  room  temperature.  This  effect 
was  investigated  by  Brodovoi  ei  al.  [20]  who  found  that 
for  SI  GaAs:Cr  material  at  77  K.  the  material  did  not 
return  to  its  initial  resistivity  for  2  to  3  h  after  the  voltage 
was  removed.  However,  if  the  temperature  was  raised 
back  up  to  room  temperature,  or  the  sample  was  illumi¬ 
nated  with  infrared  radiation  of  0.3-0. 5  eV.  the  sample 
again  became  highly  resistive.  These  results  strongly  in¬ 
dicate  that  carrier  trapping  and  emission  in  the  bulk  of  the 
material  determines  the  recovery  behavior  of  the  switch. 

IV.  Influence  of  Electron  Irradiation  on  the 
Dark  Current 

Similar  to  optically  activated  semi-insulating  GaAs 
switches  [21],  the  activation  source  strongly  influences 
the  temporal  development  of  the  dark  current  after  the 
source  is  terminated.  This  influence  was  studied  by  means 
of  an  electron  beam  as  an  activation  source.  The  electron 
beam  used  in  these  experiments  was  produced  by  a  pulsed 
thermionic  diode  [22].  The  energy  of  the  electrons  was 
about  150  keV  and  the  current  density  was  about  30 
mA/cm2.  The  pulse  width  of  the  beam  was  15  ns. 

The  effect  of  electron-beam  pre-irradiation  on  the  time 
development  of  the  dark  current  was  first  measured  using 
the  hard-tube  circuit  as  a  voltage  source  for  the  GaAs 
switch.  For  these  measurements  the  voltage  across  the 
switch  was  held  nearly  constant  by  the  circuit  as  shown 
in  Fig.  7.  In  Fig.  7(a)  the  temporal  development  of  the 
dark  current  without  electron-beam  irradiation  is  shown, 
while  in  Fig.  7(b)  the  effect  of  electron-beam  irradiation 
occurring  about  1.7  ms  after  the  voltage  was  applied  is 
shown.  During  the  electron-beam  pulse,  the  sample  cur¬ 
rent  reaches  a  value  which  is  far  above  the  scale  and  the 
sample  voltage  drops.  After  irradiation  the  sample  voltage 
returns  back  to  a  value  slightly  less  than  what  was  initially 
applied  and  the  current  settles  back  to  a  value  which  is 
about  30%  greater  than  that  seen  at  the  same  time  in  Fig. 
7(a).  When  the  current  immediately  after  electron-beam 
irradiation  in  Fig.  7(b)  is  compared  to  the  sample  current, 
at  the  same  time,  in  Fig.  7(a).  it  becomes  clear  that  by 
irradiating  the  sample,  the  onset  time  of  the  sample  cur¬ 
rent  is  reduced. 

A  second  set  of  experiments  were  conducted  using  the 
circuit  shown  in  Fig.  2  where  the  sample  was  irradiated 
through  the  cathode  contact  with  an  electron-beam  pulse 
which  was  terminated  during  the  first  half  of  the  15-^is 
voltage  pulse.  As  with  the  previous  measurements,  this 
experiment  was  also  done  to  measure  the  dark  current  after 
electron-beam  irradiation  although  at  elevated-current 
levels.  In  the  circuit  shown  in  Fig.  2.  the  15-ft  PFN  load 
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Fig.  7.  Temporal  development  of  the  switch  dark  current  (a)  without  elec¬ 
tron-beam  irradiation  and  (b)  with  electron-beam  irradiation  occurring  at 
the  point  indicated. 


resistance  is  used  to  provide  a  constant  voltage  across  the 
series  combination  of  the  50-0  load  and  the  sample.  For 
these  high-current  measurements,  as  the  resistance  of  the 
sample  dropped,  the  voltage  necessary  to  sustain  the  cur¬ 
rent  would  remain  across  the  sample  while  the  sample 
current  was  limited  by  the  50-0  load  resistance. 

The  results  of  this  experiment  are  shown  in  Fig.  8  where 
the  sample  voltage  is  shown  in  Fig.  8(a)  and  the  sample 
current  in  Fig.  8(b).  During  the  first  half  of  the  voltage 
pulse,  when  the  electron  beam  is  turned  on.  the  sample 
voltage  is  at  a  minimum  (shown  in  Fig.  8(a))  while  the 
corresponding  current  is  high.  At  the  time  when  the  elec¬ 
tron-beam  irradiation  is  terminated,  at  15  pis.  an  increase 
in  the  sample  voltage  occurs  along  with  a  decrease  in  the 
sample  current. 

The  most  interesting  result  in  Fig.  8(a)  is  that  after  the 
termination  of  the  electron  beam,  the  sample  voltage  does 
not  return  to  the  initial  applied  voltage  but  rather  to  a  value 
which  appears  to  be  independent  of  that  initial  voltage. 
The  sample  current,  on  the  other  hand,  returns  to  a  value 
which  is  roughly  proportional  to  the  initially  applied  volt¬ 
age.  The  l-V  values  for  this  state  are  plotted  in  Fig.  9  as 
diamonds.  The  sample  voltage  shows  up  as  a  vertical  line 
in  the  l-V  characteristics  indicating  a  current-independent 
voltage  at  an  electric  field  of  about  3.7  kV /cm.  This  volt¬ 
age  "lock-on”  is  very  similar  to  the  results  obtained  after 
GaAs  samples  are  irradiated  with  a  high-power  laser  [9]. 
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Fig.  8  Recovery  of  the  switch  voltage  (a)  and  current  (b)  following  the 
termination  of  the  electron-beam  pulse. 


Fig.  9.  Dark  current  density  versus  applied  voltage  for  semi-insulating 
GaAs.  Diamonds  indicate  current  and  voltage  measured  after  the  elec¬ 
tron-beam  irradiation  as  shown  in  Fig.  8 


V.  Discussion 

The  results  shown  in  Fig.  1  illustrate  the  low-voltage 
dc  l-V  characteristics  of  the  SI  GaAs  material  that  was 
investigated.  The  material  resistivities  that  are  usually 
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quoted  in  the  literature  for  high-power,  solid-state 
switches,  made  from  both  SI  GaAs  and  high-resistivity 
Si.  correspond  to  the  linear  portion  of  the  dc  l-V  charac¬ 
teristics.  The  values  in  the  ohmic  range,  however,  only 
characterize  the  material  up  to  field  strengths  of  several 
kilovolts  per  centimeter  the  value  where  the  slope  changes 
in  the  dc  l-V  characteristics  (i.e..  1.54  kV/cm  at  24°C 
for  the  6  x  I06  fl  •  cm  material  used  in  this  study).  The 
value  of  this  critical  electric  field  depends  strongly  on  the 
deep-level  configuration  of  the  material  and  increases  with 
the  recombination  rate  coefficient,  which  is  a  function  of 
the  number  of  recombination  centers  and  the  electron  and 
hole  trapping  cross  sections.  However,  even  when  the  SI 
GaAs  was  compensated  with  chromium  to  resistivities 
greater  than  1  x  10s  fl  •  cm.  the  VlfL  was  only  increased 
by  a  factor  of  two  ( i.e..  VTfL  =  160  V  or  an  electric  field 
of  2.54  kV  /  cm )  [12].  The  fact  that  a  sharp  break  occurs 
in  the  l-V  characteristics  must  be  considered  when  a  high- 
power,  solid-state  switch  is  to  be  designed  using  the  bulk 
properties  of  the  semiconductor  material.  This  is  partic¬ 
ularly  true  if  the  switch  is  to  hold  off  a  substantial  dc  volt¬ 
age. 

The  steady -state-current  values  are  reached  after  an 
“onset  time"  which  ranges  from  milliseconds  down  to 
fractions  of  microseconds.  After  a  delay  time,  or  onset 
time  with  negligible  current,  the  current  increases  up  to  a 
value  which  appears  to  saturate  into  a  /  oc  V~  dependence 
as  shown  in  Figs.  6  and  9  using  the  hard-tube  pulser  re¬ 
sults  for  voltages  up  to  about  400  V  corresponding  to  an 
average  electric  field  of  E  =  6  kV/cm.  Furthermore, 
when  still  higher  voltages  are  applied,  the  l-V  character¬ 
istics  appear  to  go  through  a  negative  resistance  excursion 
to  a  point  of  circuit-limited  current  with  a  nearly  constant 
voltage  across  the  switch  as  shown  in  Figs.  6  and  9  using 
the  data  from  the  circuit  shown  in  Fig.  2. 

When  discussing  the  low-voltage  l-V  characteristics 
shown  in  Fig.  1,  a  single-carrier-injection  model  appears 
to  yield  a  sufficient  explanation.  However,  in  order  to  ex¬ 
plain  the  time  development  and  the  current-independent 
voltage  characteristics  shown  in  Fig.  3  and  Fig.  9.  re¬ 
spectively.  the  effects  of  increased  hole  injection  must  be 
included.  For  this  discussion,  the  contacts  are  assumed  to 
have  infinite  charge  reservoirs  at  both  the  cathode  and  the 
anode.  If  the  charge  injection  efficiency  of  the  contacts  is 
low,  a  transition  from  a  bulk-limited  response  to  a  con- 
tact-limited  response  may  occur  at  higher  switch  current 
densities. 

In  terms  of  charge-carrier  mobility  and  lifetime,  the 
properties  of  commercially  available  semi-insulating 
GaAs  differ  considerably  from  those  of  an  ideal  material. 
The  deviation  is  mainly  due  to  the  presence  of  deep  lo¬ 
calized  energy  states  within  the  fundamental  gap  which 
are  generated  by  impurities  and  defects  of  the  crystal 
structure.  The  properties  and  relative  densities  of  these 
additional  energy  states  strongly  depend  on  the  details  of 
the  material  composition  and  the  manufacturing  process, 
so  that  the  physical  behavior  of  the  available  material  ex¬ 


hibits  a  broad  spectrum  of  variation.  The  following  sce¬ 
nario.  which  depends  on  a  particular  distribution  of  the 
deep  energy  levels,  might  therefore  be  viewed  as  only  one 
possible  scenario  among  others  to  explain  the  experimen¬ 
tal  data. 

The  double-injection  mechanism  is  examined  for  a 
varying-lifetime.  negative-resistance  problem  involving 
an  additional  deep-acceptor  level,  which,  in  equilibrium, 
is  partially  occupied  by  electrons  [23],  This  deep  acceptor 
is  considered  to  be  a  “hole  trap"  or  a  level  for  which  the 
cross  section  for  hole  capture  ( ap )  is  much  greater  than 
that  for  electron  capture  ( o„ ).  This  discussion  is  con¬ 
cerned  with  the  transition  made  in  the  l-V  characteristics 
(shown  in  Fig.  9)  from  an  ohmic  behavior  to  a  nearly  cur¬ 
rent-independent  voltage  by  following  arguments  de¬ 
scribed  in  [14]. 

At  low  electron  and  hole  injection  levels,  the  current 
will  follow  Ohm's  law  because  both  injected  charge  car¬ 
riers  are  being  trapped  leaving  the  current  to  be  carried 
by  the  thermally  generated  carriers.  If  the  concentration 
of  “empty"  electron  traps  is  assumed  to  be  less  than  the 
concentration  of  “empty"  hole  traps,  and  both  trap  con¬ 
centrations  are  large  compared  to  the  thermally  generated 
carrier  densities,  it  is  reasonable  to  speculate  that  a  tran¬ 
sition  will  occur  in  the  l-V  characteristics  at  a  voltage 
corresponding  to  an  electron  trap-filled-limit  voltage 
(  Fftfl )  which  results  from  the  electron  lifetime  (  t„  )  be¬ 
coming  longer  than  the  electron  transit  time  through  the 
bulk.  The  holes,  however,  will  still  not  contribute  appre¬ 
ciably  to  the  current  because  the  remaining  empty  hole 
traps,  combined  with  electron-hole  recombination,  will 
serve  as  a  “recombination  barrier  "  causing  the  hole  life¬ 
time  (rn)  to  be  less  than  the  hole  transit  time  through  the 
bulk  region.  After  the  transition  at  KFTFL.  ffie  current 
should  stan  to  follow  a  V 2  dependence  similar  to  a  trap- 
free  space-charge-limited  current  which  recombines  with 
injected  holes  at  the  anode  contact  [24].  In  this  square- 
law  segment  of  the  characteristic,  the  current  is  being  car¬ 
ried  by  both  the  injected  electrons  ( n )  and  the  thermally 
induced  holes  (/?,, ).  with  n  »  p„.  As  the  voltage  is  in¬ 
creased.  the  injected  electron  concentration  will  also  in¬ 
crease  while  the  hole  concentration  (  p )  will  remain  near 

as  a  result  of  hole  trapping. 

When  the  voltage  is  high  enough  to  drive  the  holes 
across  the  bulk  region,  a  sharp  increase  in  the  current  will 
result.  This  threshold  voltage  (  FIh)  would  correspond  to 
a  value  where  the  hole  lifetime  is  approximately  equal  to 
the  hole  transit  time  ( tp )  or 

Ip., H  =  ^/VpKh  *  ip  (3) 

where  is  the  hole  mobility.  At  this  point,  the  hole  trap 
will  preferentially  fill  up  with  holes  causing  the  hole  life¬ 
time  to  further  increase.  The  result  is  that  it  will  allow  the 
switch  to  cany  higher  cunents  at  the  same  voltage.  The 
cunent  may  even  increase  through  a  negative  resistance 
region  allowing  the  voltage  to  reach  a  lower  value.  A  more 
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rigorous  treatment  of  the  carrier  transport  in  GaAs  shows 
that  as  the  length  of  the  sample  increases,  the  L:  depen¬ 
dence  of  the  threshold  voltage  decreases  and  eventually 
transitions  into  a  linear  Flh  «  L  dependence  (25). 

The  effect  of  the  observed  steep  rise  in  current  at  a 
threshold  voltage  (  Flh  >  could  explain  the  lock-on  effect. 
This  effect  results  from  the  current  through  the  semicon¬ 
ductor  being  locked  to  a  certain  voltage  after  a  time  nec¬ 
essary  to  fill  the  hole  traps.  The  time  to  establish  this  con¬ 
dition  in  the  bulk  of  the  semiconductor  by  double  injection 
can  be  shortened  by  optical  or  electron-beam  injection  of 
electron-hole  pairs  to  such  an  extent  that  immediate 
"lock-on  "  of  the  dark  current  is  observed.  A  theoretical 
treatment  of  this  model  will  be  published  elsewhere  125). 

The  discussion  given  here  and  in  [25  ]  is  for  the  case  of 
a  homogeneously  distributed  current  in  the  bulk  of  the 
material.  Another  possible  scenario  may  include  the  for¬ 
mation  of  current  filaments  in  the  bulk  region.  This  pos¬ 
sibility  has  not  yet  been  ruled  out  and  requires  more  in¬ 
vestigation. 

VI.  Conclusion 

Experiments  have  been  conducted  to  investigate  the  re¬ 
covery  behavior  of  the  electron-beam-controlled  semicon¬ 
ductor  switch.  It  was  found  that  the  switch  exhibits  a 
"lock-on"  behavior  similar  to  that  found  in  high-power, 
photoconductive  switches.  This  behavior  results  in  unac¬ 
ceptably  high  dark  currents  through  the  swit  in  the  off- 
state.  A  possible  explanation  for  this  effect  is  double  in¬ 
jection.  the  process  of  electron  and  hole  injection  at  the 
contacts.  The  /- F  characteristics  of  the  sample  were  mea¬ 
sured  and  their  implication  discussed  in  the  context  of  a 
process  using  electron  and  hole  capture  in  the  bulk  region 
of  the  switch.  This  process  of  double  injection  combined 
with  charge  trapping  at  deep  centers  may  be  useful  in  ex¬ 
plaining  the  oscillations  which  are  sometimes  measured 
in  conjunction  with  the  lock-on  effect  [9],  [21],  [26],  (27). 

The  ability  to  understand,  and  control,  the  lock -on  ef¬ 
fect  in  bulk  switches  is  necessary  if  these  switches  are  to 
be  used  in  high-power,  high-repetition-rate  systems.  If 
double  injection  is.  in  fact,  responsible  for  the  lock-on 
effect,  proper  sample  geometries  should  reduce  the  dark 
current  down  to  an  acceptable  level.  One  such  sample  ge¬ 
ometry  would  be  to  use  a  reverse-biased  p  *  -SI  GaAs-n* 
structure.  The  purpose  of  the  n*  and  p*  regions  is  to 
greatly  reduce  the  electric  field  and  the  minority-carrier 
concentrations  at  the  contacts,  thereby,  minimizing  any 
current  injection  into  the  bulk  region  |28|.  This  technique 
applies  not  only  to  electron-beam-controlled  semiconduc¬ 
tor  devices  but  to  photoconductive  switches  as  well. 

Given  that  the  problem  of  lock-on  can  be  overcome,  the 
electron-beam-controlled  switch  concept  shows  great 
promise  for  use  as  both  a  closing  and  opening  switch.  The 
possible  current  gains  achievable  and  the  ability  for  each 
modulation  of  the  switch  conductance  also  indicate  that 


this  device  would  have  applications  in  high-power  mod¬ 
ulators.  inductive-energy -storage  systems,  and  many  other 
repetitively  operated,  pulsed-power  systems 
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Abstract  -  The  electron-beam  induced  conductance  and  the 
recovery  behavior  of  bulk  GaAs  switches  (with  ohmic  contacts) 
was  compared  with  pin  diodes  made  of  an  identical  semiconductor 
material  and  with  the  same  dimensions.  The  conductance  of  pin 
diodes  can  be  tailored  to  exceed  that  of  bulk  switches  by  more  than 
an  order  of  magnitude  due  to  the  enhanced  cathodoluminescence  in 
the  heavily  doped  p-layer  of  the  diode.  The  “lock-on"  effect  which 
was  observed  in  die  bulk  switch  and  in  the  forward  biased  p-i-n 
switch  at  field  strengths  exceeding  9.2  kV/cm,  was  suppressed  in 
the  reverse  biased  pin  diode.  This  result  indicates  that  double 
injection  of  carriers  through  the  contacts  is  at  least  in  part 
responsible  for  the  “lock-on"  effect. 

1.  INTRODUCTION 

The  efficient  conversion  of  electron  energy  into  photon 
energy  in  cathodolumine scent  materials  makes  election-beam 
controlled  light  sources  very  attractive  as  ionization  sources  when 
applied  to  “photoconductive"  solid  state  switches.  By  making  use 
of  cathodoluminescence.  it  is  therefore  possible  to  integrate  the 
ionization  source  and  the  switch  into  the  same  device.  Standard 
vacuum  technology  could  allow  for  the  design  of  a  device  where 
the  electron  beam  and  the  switch  are  enclosed  in  the  same  vacuum 
tube,  making  a  compact  and  economic  switch  design  possible. 
Switching  by  means  of  cathodoluminescence  offers  an  additional 
advantage,  compared  to  laser  switching,  in  the  possibility  to 
modulate  the  ionization  source  easily,  eg.  to  generate  pulse  trains 
with  variable  duty  cycles  or  pulse  shapes  which  allow  temporal 
matching  of  the  load  to  the  power  source. 

An  obstacle  to  using  electron-beam  and  optically  controlled 
switches  as  modulators  or  opening  switches  is  the  so-called  "lock- 
on"  effect  This  effect  describes  a  photoconductive  or  electron- 
beam  controlled  switch  as  unable  to  recover  to  its  initial  high  hold- 
off  voltage  after  the  termination  of  the  ionization  source.  This  type 
of  switch  is  ideal  as  a  closing  switch,  where  a  short  pulse  could 
trigger  the  closure,  rather  than  having  to  sustain  the  ionization 
source.  The  “lock-on"  effect  however  presents  a  problem  to  the 
opening  switch,  where  the  duration  of  the  source  should  exactly 
determine  the  closure  of  the  switch.  Experiments  have  shown  that 
it  is  possible  to  suppress  the  “lock-on"  effect  and  obtain  an 
electron-beam  controlled  opening  switch. 


II.  CONCEPT  OF  THE  SWITCH 

By  irradiating  a  bulk  semiconductor  sample  with  a  high 
energy  electron  beam,  a  large  number  of  free  charge  earners  is 
generated  by  both  direct  and  indirect  ionization  processes.  This 
concept  of  switch  activation  has  been  applied  to  semi-insulating 
GaAs  as  the  switch  material  [1],  [2].  The  semiconductor  is  already 
a  good  cathodoluminescent  material,  but  its  conversion  efficiency 
(light  intensity/electron-beam  intensity)  can  be  improved  by  doping 
with  high  concentrations  of  shallow  acceptors  or  donors.  Zinc- 
doped  GaAs  was  chosen  because  at  high  doping  concentrations  it 
is  seen  that  the  bandgap  is  reduced  compared  to  semi-insulating 
GaAs  [3].  This  will  result  in  a  lower  emission  peak,  hence  the 
light  generated  will  penetrate  deeper  into  the  material  and  ionize 
larger  volumes. 


The  switch  is  supposed  to  open  after  termination  of  the 
ionizing  source,  the  e-beam.  However,  at  voltages,  corresponding 
typically  to  electric  fields  above  4  kV/cm.  the  photocurrent 
continues  to  flow,  which  is  detrimental  to  the  opening  of  both 
photoconductive  and  electron-beam  controlled  switches.  This  so- 
called  “lock.on”  effect  is  assumed  to  be  due  to  double  injection  of 
electrons  and  holes  and  to  trap  filling  processes  (4).  If  double 
injection  can  be  prevented,  it  should  therefore  be  possible  to 
suppress  the  "lock-on"  effect.  To  test  this  hypothesis,  a  p-i-n 
structure  was  used.  The  device,  shown  in  Figure  1,  consists  of  a 
bulk  slab  of  semi-insulating  GaAs.  with  n  and  p-type  epitaxial 
layers  grown  on  opposite  sides.  The  zinc -doped  cathode  region 
(zone  0  is  used  to  provide  efficient  cathodoluminescence.  The 
anode  (zone  IB)  is  silicon-doped  and  completes  the  p-i-n  structure. 
Both  layers  are  20  pm,  which  are  very  thin  compared  to  the  600 
pm  bulk  zone  II  thickness.  Metal  is  then  deposited  and  annealed 
to  both  sides  of  the  device  to  form  ohmic  contacts. 


Fig.  I.  Schematic  rcpraamuon  o l  the  proposed  device  goonory. 


in.  CURRENT-VOLTAGE  CHARACTERISTICS 

In  order  to  study  the  influence  of  carrier  injection  through 
the  contacts  and  its  relation  to  the  "lock-on"  effect,  we  have 
compared  the  switching  properties  of  a  semi-insulating  GaAs  bulk 
switch  with  ohmic  contacts  with  those  of  a  p-i-n  diode  fabricated 
from  an  identical  semiconductor  material.  The  bulk  materia)  was 
as-grown  GaAs  with  a  resistivity  of  6  x  10*  fl  cm 

First,  the  dark  current  response  (without  electron-beam 
irradiation)  to  an  applied  DC  voltage  was  measured.  The  dynamics 
of  the  dark  current  occur  in  the  intrinsic  region  of  the  device,  hence 
zones  I  and  III  only  serve  as  injecting  or  blocking  contacts 
depending  on  the  bias.  The  normal  mode  of  the  switch  device  will 
be  under  reversed  bias  conditions,  hence  the  extrinsic  regions  will 
be  blocking  contacts  to  minority  carriers.  It  is  therefore  expected 
that  the  reverse  biased  switch  would  have  a  much  higher  hold-off 
voltage  than  the  forward  biased,  limited  by  the  breakdown  voltage 
of  the  material.  Experimentally,  however,  only  a  factor  of  two 
increase  in  hold-off  voltage  was  found,  as  seen  in  Figure  2. 
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Fig.  2.  DC  cunent-voiiagc  chataciensucs  of  forward  and  reverse  biased  p-i-n 
switch  snucuae. 


An  analysis  showed  that  a  high  DC  hold-off  voltage  cannot 
be  achieved  with  such  a  system.  Initially,  the  device  is  in 
thermodynamic  equilibrium,  thus  n  *  n„  and  p  *  p„.  There  are  four 
trap  assisted  processes  that  occur  within  the  bulk  material  between 
various  energy  levels.  These  processes  are  1)  electron  capture  from 
the  conduction  band  to  a  deep  level,  2)  electron  emission  from  a 
trap  level  to  the  conduction  band.  3)  hole  capture  from  the  valence 
band,  and  4)  hole  emission  from  the  trap.  In  equilibrium,  these 
processes  balance  each  other. 

In  the  phase  where  a  reversed  bias  is  applied  to  the  device, 
the  mobile  carriers  are  swept  out  of  the  intrinsic  region,  creating  a 
depletion  region  over  the  entire  zone  II.  In  addition  to  this 
depletion  zone,  space  charge  regions  are  created  in  zones  I  and  III. 
In  the  p-type  region,  the  removal  of  positive  charges  creates  a 
negative  space  charge  of  ions  with  a  density  NA'  equal  to  the  initial 
doping  concentration  in  the  region.  A  similar  positive  space  charge 
is  created  in  the  n-type  region  with  a  density  ND*.  The  time  of  the 
charges  to  be  swept  out  is  given  by  the  sample  length  divided  by 
the  field-dependent  drift  velocity  of  the  charges.  The  current  due 
to  this  sweep  out  of  both  types  of  charge  carriers  for  the  material 
used  in  our  experiments  is  on  the  order  of  3  •  4  pA. 

Since  the  charge  densities  of  the  small  depletion  layers  in 
zones  I  and  HI  are  much  larger  than  the  background  charge  in  zone 
II.  the  junctions  can  be  treated  as  one-sided  abrupt  junctions.  The 
junctions  are  abrupt  because  the  extrinsic  regions  are  epitaxial 
layers  rather  than  diffused  or  implanted  layers.  The  electric  field 
is  the  spatial  integral  of  the  charge  density,  and  since  the 
background  charge  is  very  small  and  can  be  neglected,  the  electric 
field  is  constant  over  the  intrinsic  region.  Figure  3a  shows  the 
charge  density  and  electric  field  profile. 

After  the  depletion  regions  have  been  created,  the  electron 
and  hole  capture  terms  will  no  longer  be  present  since  the  mobile 
charges  previously  located  in  the  conduction  and  valence  bands 
have  been  swept  out  The  emission  terms  due  to  background 
charges  in  deep  levels  will  still  however  be  present  The  most 
likely  case  is  that  the  electron  and  hole  emission  cross-sections  are 
not  equal,  causing  a  build-up  of  the  charge  carrier  with  the  smaller 
cross-section.  This  build-up  of  charge  then  begins  to  alter  the 
electric  field.  The  background  charge  also  continually  becomes 
larger  in  zone  n.  As  seen  in  Figure  3b  the  electric  field  changes 
from  the  initial  case  (E^EJ)  to  and  even  beyond  the  case  where 
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Fig.  3.  Charge  dainty  aad  etectnc  field  profile  far  reverse  bused  p-i-n  switch 
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E(x=L)»0,  where  the  peak  value  is  ET=2Ekl  As  the  electric  field 
further  reduces  at  x*L  below  E-O.  charges  begin  to  move  back  into 
the  intrinsic  region,  effectively  shortening  zone  II. 

This  effect  takes  a  certain  amount  of  time  to  occur,  which 
is  determined  by  the  cross-sections  and  emission  rates.  By 
shortening  zone  II,  this  effect  will  lower  the  steady  state  hold-off 
voltage  of  the  device.  Experimental  results  indicate  that  this  effect 
takes  on  the  order  of  milliseconds  to  occur.  Therefore,  if  a  pulsed 
bias  is  applied,  with  a  pulse  shorter  than  the  time  of  this  effect,  the 
problem  can  be  overcome. 

In  order  to  prove  this  theory,  the  current-voltage 
characteristics  were  studied  under  pulsed  conditions,  using  an 
applied  voltage  with  a  pulse  width  of  30  ps.  The  forward  biased 
switch  displayed  a  hold-off  voltage  of  260  V.  This  is  a  larger 
value  than  the  DC  hold-off  value,  which  can  be  expected  due  to  the 
dark  current  onset  time  [4],  In  reverse  bias,  the  switch  held  off 
more  than  960  V  which  corresponds  to  an  electric  field  of  17 
kV/cm.  At  this  point,  problems  with  surface  tlashover  prevented 
the  voltage  from  being  increased  further. 


IV.  ELECTRON-BEAM  SWITCHING 

Switching  experiments  were  performed  with  an  electron 
beam  of  15  ps  pulse  duration,  ranging  in  energy  to  about  180  keV. 
This  energy  corresponds  to  a  penetration  depth  of  60  -  65  pm  (1). 
The  electron-beam  current  ranged  up  to  30  mA/cm1  The  sample 
was  pulse  biased  with  a  30  ps  pulse  at  voltages  up  to  550  V,  which 
correspond  to  field  strengths  of  up  to  9.2  kV/cm. 

For  the  forward  biased  switch  it  is  expected  that  the  "lock- 
on"  effect  should  become  evident  at  about  the  same  voltage  as  the 
bulk  GaAs  switch  that  doesn’t  utilize  the  p-i-n  geometry.  It  is. 
however,  expected  that  the  switch  conductance  for  the  p-i-n 
structure  should  increase  due  to  more  efficient 
cathodoluminescence.  The  switch  conductance  for  the  bulk  GaAs 
switch  was  2.3  x  102  S/cm3.  The  forward  biased  p-i-n  diode 
displayed  a  switch  conductance  of  4.5  x  10 3  S/cm3.  The  "lock-on” 
effect  was  observed  for  the  bulk  GaAs  switch  and  the  forward 
biased  p-i-n  switch  for  applied  voltages  above  170  V, 
corresponding  to  field  strengths  of  2.8  kV/cm. 

Under  reverse  bias  conditions,  the  conductance  was  slightly 
less  than  for  forward  bias,  however,  the  "lock-on"  effect 
disappeared  completely.  The  switch  displayed  a  completely  open 
behavior  after  the  termination  of  the  electron  beam,  up  to  applied 
fields  of  92  kV/cm  where  surface  flashover  presented  a  further 
increase  in  voltage.  Figure  4  shows  the  temporal  development  of 
the  pulsed  voltage  across  the  switch.  The  electron  beam  irradiated 
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by  optimizing  geometry  and  doping  of  the  zinc -doped  cathode 
region,  ii  should  be  possible  to  increase  this  efficiency  by  one  or 
two  orders  of  magnitude.  The  two  parameters  that  can  be  altered 
are  1)  the  doping  density,  and  2)  the  thickness  of  the  doped  region 
For  the  experiments  performed  here,  the  zinc -doped  tayc-  had  a 
concentration  of  7  x  10M  cm 5  earners  and  was  20  pm  thick.  The 
electron  beam  deposited  energy  over  a  range  of  60  pm  This  is  an 
approximate  factor  of  three  increase  that  could  be  gained  by 
matching  the  electron  penetration  depth  (electron  energy)  to  the 
thickness  of  the  doped  layer.  It  is  seen  by  extrapolaung  curve  1  of 
Figure  6  that  for  a  doping  concentration  of  7  x  10“  cm 1  the 
internal  quantum  efficiency  drops  below  10%.  This  is  more  than 
a  factor  of  10  decrease  from  a  concentration  of  10"  cm1.  By 
optimizing  both  parameters,  it  should  therefore  be  possible  to 
increase  the  conductance  of  the  p-i-n  switch  to  more  than  a  factor 
of  60  above  the  bulk  GaAs  switch.  By  studying  the  curves  of 
Cusano  [3]  for  emission  peak  and  Garbuzov  (5)  for  internal 
quantum  efficiency,  it  appears  that  the  optimum  range  for  doping 
concentration  of  the  zinc -doped  layer  is  from  S  x  10"  cm 1  to 
1  x  10"  cm 1 

The  experimental  results  are  in  accordance,  qualitatively  and 
quantitatively,  with  results  of  a  model  developed  by  Brinkmann  el 
al.  [4],  It  was  demonstrated  that  a)  the  switch  efficiency  (power 
switched/control  power)  can  be  optimized  by  proper  doping  of  the 
cathode  face  of  the  switch  and  that  b)  the  'lock-on"  effect  which 
prevents  opening  of  photoconducbve  GaAs  switches  can  be 
suppressed  by  preventing  double-injection  of  electrons  and  holes 
through  the  contacts. 


C*  W*  IC* 

Fig  6.  Internal  quintan  efficiency  in  p-maniab.  (After  D X  Garbuzov.  (j]> 
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the  switch  at  about  10  ps  for  a  duration  of  IS  ps.  The  figure 
shows  a  forward  and  reverse  applied  voluge  of  320  V  with  all 
other  parameters  the  same.  It  is  seen  that  the  forward  biased 
switch  recovers  to  a  ’lock-on"  voluge  rather  than  the  initial  hold- 
off  voluge.  Figure  5  shows  the  corresponding  switch  current  The 
reversed  bias  switch  opens  completely,  opposed  to  the  forward 
biased  switch  which  locks  on  to  some  non-zero  current  At  the 
highest  applied  field  of  9.2  kV/cm,  Ok  current  gain  (switch 
current/e-beam  current)  is  about  540. 
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Although  the  lested  p-i-n  structure  only  displayed  a  factor 
of  two  increase  in  conductance  compared  to  the  bulk  GaAs  device. 
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Abstract 

Wide  bandgap  semiconductors  are  discussed  as  materials  for 
electron-beam  controlled  semiconductor  switches.  Based  on  a  figure  of 
merit  which  allows  to  compare  matenals  with  different  carrier  mobility, 
dielectric  strength,  and  ionization  energy,  gallium  arsenide  (GaAs).  zinc 
selenide  (ZnSe)  and  diamond  are  identified  as  the  most  promising 
materials  for  high-power  electron-beam  switching.  A  mathemaocal  model 
is  presented  which  allows  the  calculation  of  both  the  steady-state  current 
voltage  characteristics  and  the  transient  response  of  these  switches  to  an 
electron-beam.  The  results  of  the  simulation  and  switching  expenments 
with  GaAs.  ZnSe.  and  diamond  indicate  that  an  electron-beam  switching 
of  wide  batxlgap  semiconductors  offers  and  attractive  alternative  to 
conventional  photoconducuve  switching. 

Introduction 

Over  the  last  decade  photoconducuve  semiconductor  switches  have 
become  senous  competitors  to  more  conventional  high  power  switches, 
such  as  spark  gaps  and  thyratrons.  The  increasing  interest  of  the  pulse 
power  community  in  these  switches  is  mainly  due  to  their  jitterfree 
operation  with  optical  isolation  of  the  trigger,  and  their  switching  speed, 
which  is  limited  only  by  the  optical  trigger  speed  (I).  Generally 
nanosecond  or  picosecond  lasers  are  used  as  trigger  sources  or  to  sustain 
the  photoconductivity. 

Less  common  is  the  use  of  electron-beams  as  control  sources  for 
bulk  semiconductor  switches,  although  there  are  some  distict  advantages 
of  using  electron-beams  versus  lasers  to  ionize  the  semiconductor. 
Electron  beam  generators  are  generally  less  expensive  and  have  a  simpler 
design  than  lasers  at  comparable  power  levels.  The  wall-plug  efficiency, 
when  used  in  conjunction  with  a  semiconductor  switch,  is  higher  than  that 
of  most  solid  stale  lasers,  and  comparable  to  semiconductor  lasers  (2). 
High  speed  operation  in  the  subpicosecond  range  is  possible  (3J.  Further, 
the  use  of  electron-beams  as  drivers  for  semiconductor  switches  operated 
in  the  linear  mode,  allows  to  generate  pulse  trains  with  variabe  duty 
cycles  or  pulse  shapes.  Repetition  rates  of  MHz  in  a  burst  mode  can  be 
achieved  this  way  |4).  And.  any  semiconductor  material,  independent  of 
the  bandgap  can  be  switched  with  the  same  electron-beam  gun. 

There  are  basically  three  modes  of  operation  for  such  an  electron 
beam  controlled  semiconductor  switch,  namely: 

•  generation  of  an  electron-hole  plasma  in  the  entire  bulk  of  the 
semiconductor  by  electron-beam  ionization  only. 

•  generation  of  an  electron-hole  plasma  in  the  contact  area,  with 
switch  closure  by  space  charge  limited  flow  to  the  opposite  contact. 

and 

•  generation  of  an  electron-hole  plasma  in  the  entire  bulk  by  means  of 
secondary  ionization  due  to  cathodoluminesccnce  radiation. 

The  applicability  of  the  first  method,  the  direct  beam  ionization  of 
the  xtive  medium,  is  restricted  by  the  high  electron  energies  which  are 
required  for  reasonable  switch  dimensions.  For  example,  in  order  to 
penetrate  switch  samples  of  one  millimeter  thickness,  electrons  in  the 
MeV  range  are  needed.  The  maximal  beam  energy  is  not  only  limited  by 
obvious  practical  considerations  but  also  by  the  fact  that  over-energetic 


electrons  will  degrade  the  semiconductor  by  inducing  irreversibte  d — -yr 
to  the  crystal  structure  For  GaAs  this  damage  threshold  is  at  about  230 
keV.  which  corresponds  to  a  penetration  depth  of  just  about  100  [rr 
Only  for  materials  with  extremely  high  dielectric  strength,  direct  election- 
beam  ionization  will  allow  to  switch  high  voltages  with  reasontolt 
electron-beam  energies  Diamond,  for  example,  has  a  dielectric  are ng»> 
of  over  1  MV/cm.  so  that  even  with  thin  films  in  the  tens  of  micrometer 
range  voltages  of  several  kV  can  be  switched 

The  second  concept  forms  the  basis  of  the  so -called  Election- 
Bombarded  Semiconductor  (EBS)  devices  |5j  which  rely  on  the 
generation  of  an  electron-hole  plasma  close  to  the  negatively  biased 
contact.  Due  to  the  high  field  in  the  separation  zone,  the  electrons  are 
quickly  swept  across  the  switch  towards  the  anode,  the  (generally  lea 
mobile)  holes  recombine  in  the  cathode  and  provide  merely  the  continuity 
of  the  current.  EBS-devices  have  a  response  speed  which  is  only 
constrained  by  the  time  the  electrons  need  to  get  from  cathode  to  anode 
and  which  can  be  in  the  nanosecond  range.  Their  conductance,  however, 
is  limited  by  space  charge  effects  so  that  high  voltages  are  needed  to 
obtain  sufficient  current  densities.  For  an  0.5  mm  thick  GaAs  switch,  e.g.. 
biased  at  100  V.  the  maximum  current  density  that  can  be  obtained  is  0.4 
A/cnr  [6], 

In  the  following  we  will  focus  mainly  on  the  third  and  most 
promising  approach  to  electron-beam  controlled  high  voltage,  direct 
semiconductor  switches.  This  concept  [6],  which  is  based  on  utilizing  the 
secondary  ionizauon  effects  of  cathodoluminesccnce  radiation,  avoids 
current  limitations  due  to  space  charge  effects  and  enables  the  realization 
of  switches  with  high  on-state  conductance  Figure  1  shows  the  principal 
configuration  of  such  a  switch,  consisting  of  a  sample  of  compensated 
direct  semiconductor  material  with  ohmic  contacts  at  the  opposing  sides 
In  the  dark  state,  the  electron  and  hole  densities  in  the  bulk  have  their 
intrinsic  values  and  the  switch  shows  a  high  resistivity.  Under  e-beam 
irradiation,  the  incident  electrons  are  stopped  within  a  shallow  layer  at  the 
cathode,  and  their  energy  is  uulized  for  the  generation  of  electron-hole 
pairs.  Due  to  the  high  carrier  density  and  the  fan  that  the  material  is  a 
direct  semiconductor,  a  substantial  pan  of  the  electron-hole  pain 
recombines  radiauvely  under  emission  of  band-edge  photons  which  then 
penetrate  deeper  into  the  bulk  and  ionize  also  the  remainder  of  the 
crystal.  Obviously,  the  main  mechanism  of  energy  transport  into  the 
active  region  is  not  of  electronic  but  of  radiauve  nature,  so  that  we  may 
characterize  this  kind  of  configurarion  as  an  optically  controlled 
semiconductor  switch  with  integrated  radiation  source. 


Figure  1.  Schematic  representation  of  the  proposed  device  geometry. 
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The  following  pan  of  this  paper  is  organized  as  follows:  In  the  next 
sections,  we  give  a  short  review  of  the  current  state  of  the  election-beam 
generating  devices,  and  analyze  the  requirements  for  a  semiconductor  to 
be  suitable  as  a  high  power,  elecuon-beam  controlled  switch.  We  will 
then  present  a  mathematical  model  which  allows  to  simulate  these 
electron-beam  controlled  switches  both  under  steady  state  and  transient 
conditions,  and  finally  discuss  the  strengths  and  limitations  of  electron- 
beam  controlled  semiconductor  switches  in  pulsed  power  circuits. 

Electron-Beam  Considcrauons 

Electron  beams  with  power  densities  comparable  to  that  of  high 
power  lasers  are  routinely  used  for  laser  excitation  and  microwave 
generation.  Most  of  these  high  current  electron  sources  utilize  field 
emission  from  felt  emitters  as  the  electron  generation  mechanism.  Current 
densities  of  several  hundred  A/cnr  can  be  obtained  (7).  at  the  expense, 
however,  of  limited  pulse  duration  due  to  diode  closure.  Diode  closure  is 
caused  by  plasma  formation  at  the  anode  which  closes  the  diode  gap  in 
typical  times  of  microseconds. 

A  special  type  of  field  emission  cathode  is  the  "Spindt"  cathode  [8]. 
It  consists  of  an  array  of  micrometer  size  field  emission  devices.  The 
conducting  silicon  base  supports  up  to  5000  Molybdenum  cones  per  mm2. 
With  dc  currents  of  10  to  500  pA  per  cone,  the  achievable  current  density 
is  in  the  range  of  severals  tens  of  A/cm2.  These  cathodes  can  be  driven 
by  voltages  in  the  range  of  50  to  ISO  V  (9). 

A  new  method  for  high  current  cold  electron  generation  is  based  on 
the  ejection  of  electron  from  prepoled  ferroelectric  samples  [10].  By 
applying  an  electrical  field  across  a  ferroelectric  sample,  the  material  is 
polarized  with  surface  charge  densities  reaching  100  pC/cm2.  which  are 
compensated  by  charge  carriers  injected  through  the  contacts.  When  a  fast 
rising  electric  field  of  opposite  polarity  is  applied,  the  polarization  of  the 
ferroelectric  sample  is  reversed  and  the  surface  charge  is  ejected. 
Electron-beam  current  densities  of  greater  than  100  A/cm2  were  obtained 
with  PLZT  ceramics.  In  other  experiments  [11],  regular  electron  emission 
from  ferroelectric  samples  was  observed  at  repetition  rates  of  up  to  2 
MHz.  showing  that  the  recovery  of  the  emitting  sample  may  occur  in  less 
than  one  microsecond. 

In  order  to  obtain  electron-beam  pulses  in  the  subnanosecond  range, 
laser  driven  diodes  must  be  used.  The  electron  generation  in  such  diodes 
can  be  either  based  on  therm  ionic  emission  or  on  the  photoelectric  effect. 
For  instance,  electron-beam  pulses  of  10  ps  duration  in  excess  of  1 
kA/cm2  were  generated  by  irradiating  metal  surfaces  with  picosecond.  266 
nm  laser  pulses  (12).  The  highest  quantum  efficiency  obtained  was  7.25 
x  1(7*  with  samarium  photocathodes.  For  applications  were  lower 
electron-beam  currents  are  required,  photocathodes  with  quantum 
efficiencies  exceeding  0.1  are  available  (13). 

The  most  common  cathodes  in  electron-beam  diodes  are  thermionic 
emitters.  Compared  to  field  emitting  cathodes  using  felts,  they  offer  the 
advantage  of  decoupling  electron  generation  (cathode  temperature)  and 
acceleration  (applied  held)  with  in  principle  unlimited  pulse  length.  The 
generation  of  pulse  trains  is  possible  by  using  a  triode  or  tetrode 
configuration,  (n  a  tetrode  with  thoriated  tungsten  electrodes,  multiple 
electron-beam  pulses  with  current  densities  of  up  to  4  A/cm2  were 
obtained  [4).  With  dispenser  type  thermionic  cathodes,  values  of  300 
A/cm2  were  reached  [141. 

Material  Considerations 


In  tendency,  the  dielectric  strength  is  an  increasing  runcuon  of  the 
band  gap  energy  £,  Experimental  data  suggest  that  the  breakdown 
field  scales  with  f|v!  (15V  Based  on  theoreucal  considerations  one 
can  also  expect  a  (roughly  logarithmic)  dependence  of  £,  on  the  trap 
density  in  the  material 

•  Effective  Ionization  Energy  f^,)  The  effecuve  ionization  energy 
^  of  a  semiconductor  is  the  average  kineuc  encrg>  that  a  beam 
electron  looses  per  electron-hole  pair  generation  event  Experimental 
data  [16)  suggest  that  it  is  dependent  on  the  bandgap  energy  in  the 
form  =  2.1  E,  ♦  1.3  eV  About  one  third  to  one  half  of  the 
electron  energy  is  used  for  electron-hole  pair  generation,  the  rest  is 
convened  into  kinetic  energy  of  the  free  charge  earners  and  quickly 
dissipated. 

•  Cathodoluminescence  yield.  We  define  the  cathodoluminescence 
yield  in  an  indirectly  ionized  semiconductor  switch  as  the  ratio  of 
secondary  electrons  generated  by  bandedge  radiation  to  the  number 
of  primary  electrons  generated  by  the  e-beam  Up  to  a  scale  invariant 
geometry  factor  k  (which  measures  the  fraction  of  photons  absorbed 
in  the  'right  place'),  it  is  identical  to  the  internal  quantum  efficiency 
T[_.  i.e..  the  percentage  of  radiative  among  all  recombination  events. 
This  number  can  vary  by  several  orders  of  magnitude  for  different 
materials.  For  very  pure  direct  semiconductors,  or  semiconductors 
doped  with  a  high  concentration  of  shallow  donors  or  acceptors,  it 
can  reach  values  close  to  one  [17];  for  less  pure  matenals  or  for 
indirect  semiconductors  it  is  considerably  lower. 

•  Carrier  mobility  [p).  For  a  given  carrier  density,  the  conductivity 
of  a  semiconductor  is  directly  proportional  to  the  mobility  p  of  the 
free  charge  carriers.  For  electrons,  being  usually  the  more  mobile 
species,  this  number  can  vary  within  a  wide  range,  from  several 
hundred  cm2/Vs  to  several  thousand  cm2/Vs  for  semiconductors  of 
interest  for  switch  applications.  Unfortunately,  the  mobility  is 
generallv  lower  for  higher  band  gap  energies  and  breakdown 
voltages. 

•  Mean  carrier  lifetime  [t[.  Immediately  after  irradiation  onset  the 
conductance  of  an  e-beam  controlled  switch  increases  linearly  with 
time  as  free  charge  earners  are  generated.  The  increase  levels  off  to 
a  steady  state  when  the  carrier  generation  reaches  a  balance  with  the 
recombination  losses.  For  a  given  e-beam  power,  the  dc  conductance 
of  a  switch  is  obviously  proportional  to  the  mean  free  carrier  lifetime 
T.  That  means  that  there  is  a  trade-off  between  efficiency  and  speed 
in  photoconductive  and  electron-beam  controlled  semiconductor 
switches. 

It  is  dear  that  the  performance  of  electron-beam  controlled 
semiconductor  switches  is  influenced  by  all  these  parameters 
simultaneously.  For  a  quantitative  comparison  of  different  materials, 
however,  it  is  necessary  to  define  a  figure  of  merit  which  combines  ill 
parameters  into  one  single  (and  meaningful!)  number.  We  sun  to  derive 
such  a  number  of  expressing  the  conductance  per  area  of  an  ionized 
switch  in  the  usual  way  as  a  function  of  the  mobility  p.  the  carrier  density 
n  and  the  thickness  L. 

G  =  epn/L.  <!) 


The  right  choice  of  the  semiconductor  material  is  of  essential 
importance  for  the  elecuon-beam  controlled  switches.  It  is  clear  that  this 
performance  will  not  depend  on  one  single  but  rather  on  a  combination 
of  several  material  parameters:  the  following  quantities  are  obviously  of 
importance: 


Under  steady  state  conditions,  the  value  of  «  is  given  by  the  product  of 
the  beam  power  Pt  and  the  carrier  life  time.  x.  divided  by  the  mean 
ionization  energy  4».  and  the  switch  thickness  L.  For  indirectly  ionized 
switches,  it  contains  also  the  cathodoluminescence  efficiency  as  a 
factor.  The  conductance  per  area  is  thus 


•  Dielectric  strength  (£,].  The  quantity  £,  denotes  the  characteristic 
electrical  field  strength  of  a  material  above  which  carrier 
multiplication  due  to  impact  ionization  leads  to  dielectrical 
breakdown.  A  higher  Ed  is  obviously  of  advantage  because  it  allows 
to  decrease  the  thickness  of  a  switch  for  a  given  hold-off  voluge 


G 
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for  directly  ionized  switches. 


epknj,kx 


for  indirectly  ionized  switches. 


(2) 
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The  efficiency  of  a  switch  increases  obviously  with  decreasing  thickness. 
For  a  fixed  hold -off  voltage,  the  minimal  (and  optimal)  value  of  L  is 
given  by  the  dielectric  strength  to  L  =  VJE ,  so  that  the  maximal  switch 
conductance  can  be  written  t  the  product  of  external  parameters  and  an 
material  factor.  C  =  PJVj  x  Q.  It  seems  reasonable  to  define  this 
material  factor  as  the  figure  of  merit  for  the  semiconductor  in  electron- 
beam  controlled  switches. 
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If  we  neglect  the  saturation  of  the  earner  mobility  for  higher 
electncal  fields,  we  can  give  a  very  illustrative  meaning  'o  this  number 
For  constant  conductance,  the  current  density  through  >,ie  switch  at  V*.  is 
j  m  GV*  =  Q  x  PJV*.  so  that  Q  can  be  interpreted  as  the  ratio  between 
the  switch  power  P,  and  the  controlling  beam  power  P,.  i.e..  as  the 
(formal)  power  gain  of  the  material. 

The  following  table  shows  a  compilation  of  material  data  and  the 
figure  of  merit  for  the  three  materials  which  seem  to  be  most  promising 
for  electron-beam  controlled  semiconductor  switches,  namely  gallium 
arsenide  (GaAs).  zinc  selenide  (ZnSe).  and  diamond.  The  values  for 
silicon  (Si),  another  common  photoconductive  switch  material  also  is 
given  for  comparison.  The  maximal  voltage  up  to  which  the  switch 
concept 'S  feasable.  is  calculated  as  the  product  of  the  dielectric  strength 
and  the  penetration  depth  of  the  electron  beam  at  the  radiation  damage 
threshold  (for  silicon  and  diamond),  or  with  the  typical  range  of  the  band 
edge  radiation  (for  GaAs  and  ZnSe). 

The  numbers  in  the  table  indicate  that  diamond  is  the  most  suitable 
of  the  listed  semiconductor  materials  for  direct  beam-ionization.  Due  to 
its  extremely  high  dielectric  strength  even  thin  films  of  several  ten's  of 
pm  thickness  can  be  utilized  as  electron-beam  switches  in  pulse  power 
circuits.  On  the  other  hand,  in  order  to  operate  at  high  power  gain  the 
thickness  cannot  exceed  the  penetration  depth  of  the  high  energy  electrons 
in  the  electron-beam.  For  electrons  with  an  energy  of  100  keV  this  depth 
is  about  40  pm.  corresponding  to  a  maximum  switch  voltage  of  12  kV. 

For  switches  operating  with  indirect  ionization  (conversion  of 
electron  energy  into  photon  energy),  gallium  arsenide  and  zinc  selenide 
are  very  promising  materials.  Both  are  direct  semiconductors  with  high 
dielectric  strength  and  a  high  electron  mobility:  especially  wha!  mobility 
concerns,  they  outperform  any  other  direct  semiconductor  material. 
Diamond,  although  it  has  a  high  electron  mobility,  cannot  be  used  in  this 
mode  of  operation  because  of  its  small  quantum  efficiency  due  to  its 
nature  as  an  indirect  semiconductor. 

From  the  three  materials  which  seem  to  be  the  most  promising  for 
electron  beam  controlled  switching,  only  gallium  arsenide  has  found 
greater  interest  so  far,  having  the  advantage  of  a  relatively  low  price  and 
a  well  established  manufacturing  technology.  Zinc  selenide  on  the  other 
hand  allows  us  to  extend  the  voltage  range  over  that  of  GaAs:  in  the  case 
of  dc  bias,  as  will  be  shown,  this  is  an  order  of  magnitude  effect  And 
diamond,  in  the  form  of  thin  films  could,  due  to  its  high  power  gain  and 
the  excellent  thermal  properties  play  an  important  role  for  high  repetition 
rate  switching  at  moderate  power  and  voltage  levels  [  1 8).  In  the  following 


section  we  discuss  briefly  some  expenmental  studies  performed  on  these 
three  materials. 


Experimental  Results 

lr>  order  to  characterize  the  three  materials  with  respect  to  their  use 
in  electron-beam  controlled  switches  dark  current  measurements  over  an 
extended  range  of  voltages  and  curie  res  and  measurements  of  the 
elccton-beam  induced  conductance  as  a  function  of  the  beam  intensity 
and  the  applied  voltage  have  been  performed.  At  the  two  direct 
semiconductor  materials.  GaAs  and  ZnSe.  we  have  studied  the  concept 
of  secondary  beam  ionization  (via  cathodal uminesce net  radiation)  by 
testing  samples  which  were  considerably  thicker  than  the  e-beam 
penetration  length  (0.3  mm  and  1  mm.  respectively).  Thin  ( 1pm)  diamond 
films  with  a  thickness  less  than  the  electron  range  have  been  employed 
to  investigate  the  direct  ionization  mode.  To  obtain  comparable  results, 
we  have  restricted  ourselves  to  materials  with  about  the  same  mean  free 
carrier  lifetime,  all  samples  having  a  t  of  less  than  1  ns.  (For  GaAs  this 
means  that  we  have  used  material  with  a  chromium  doping  of  about  lO1’ 
cm  ’,  denoted  GaAs.Cr.) 

The  results  of  the  dc-dark  current  measurements  are  shown  in  Figure 
2.  Generally,  as  it  is  shown  for  GaAs:Cr  and  ZnSe.  the  samples  showed 
a  linear  (ohmic)  behavior  at  low  voltages.  The  extent  of  the  linear  range 
value  of  the  corresponding  resistance  is  related  to  the  bandgap  energy. 
The  unusually  high  conductance  measured  for  the  diamond  sample  is 
probably  due  to  its  very  small  thickness  of  only  1  pm.  An  order-of- 
magnitude  estimate  shows  that  the  current  in  this  regime  is  carried  by 
diffusion  rather  than  by  drift.  This  effect  should  become  negli;  ible  for 
diamond  films  with  large  thicknesses,  for  such  samples  we  expea 
resistivities  well  above  1010  ft  cn>. 

The  diagram  also  shows  that  the  current  rises  drastically  over  the 
ohmic  regime  once  the  voltage  is  increased  above  a  critical  threshold 
value  V,,  which  varies  from  material  to  material  (and  even  from  sample 
to  sample).  This  transition  to  a  low  resistivity  has  the  appearance  of 
dielectric  breakdown,  a  comparison  with  Table  I  below,  however,  shows 
that  it  occurs  at  electrical  fields  much  below  the  listed  dielectric  strength. 


Figure  2.  The  dark  current  characteristics  for  GaAs:Cr.  ZnSe.  and 
Diamond. 


Table  I. 


Material 

£tleV) 

p,[cmWs) 

p,(cm7Vs] 

E,[V/cm) 

UeV] 

eVJkeV] 

QAl 

V«,[kV] 

Si 

1.12 

1500 

450 

3-10* 

3.7 

250...350 

4.7 -lO* 

5 

GaAs 

1.42 

8500 

400 

4 -10s 

4.3 

-  230 

3.3-I05 

400 

ZnSe 

2.7 

500 

30 

HO* 

7.0 

-  230 

7.5-10' 

1000 

Diamond 

5.47 

1800 

1200 

3-10* 

12.8 

150...350 

2.1-10 

30 
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This  characteristic  behavior  poses  a  severe  limitation  on  the  dc  operation 
of  electron- beam  (and  photoconductively)  controlled  semiconductor 
switches,  it  is  obviously  not  possible  to  apply  a  higher  voltage  than  V„ 
at  the  contacts  for  an  unlimited  time.  In  other  words,  the  dc  hoid-off 
voltage  of  these  devices  may  be  considerably  lower  than  the  value  LxE4 
assumed  in  the  order  of  magnitudes  estimation  presented  above. 

Transient  measurements  which  were  mainly  performed  on  .emi- 
insulaung  GaAs  (19),  on  the  other  hand,  showed  that  for  short  p^ise 
applications  it  is  possible  to  achieve  hold-off  voltages  that  exceed  V„ 
considerably.  The  current  density  stayed  initially  very  close  to  the  value 
expected  from  extrapolating  Ohm  's  law.  only  after  a  characteristic  delay 
time  it  increased  and  rose  finally  to  the  much  higher  dc  value  (Fig.  3). 
The  measured  delay  time  was  observed  to  be  a  strong  function  of  the 
applied  voltage,  it  was  in  the  order  of  ms  for  voltages  just  above  V„  and 
was  considerably  shorter  at  higher  voltages.  (See  Figure  4.) 


VOLTAGE 
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Figure  3.  Temporal  development  of  the  switch  darit  current  in  semi 
insulating  GaAs. 


3  io 


10  too  >OC  1000  3200 

VOLTAGE  fVl 


Figure  4.  Dark  current  "onset"  time  versus  applied  voltage. 


The  experiments  with  an  electron  beam  applied  (of  100  to  ISO  keV 
energy  and  current  densities  of  up  to  30  mA/cm2.  however,  revealed  that 
even  for  pulse  applications  the  critical  voltage  V„  has  it  significance:  At 
applied  voltages  below  the  value  of  V„  (Figure  Sa).  the  switch  current 
and  switch  voltage  followed  the  sustaining  electron-beam  pulse,  that 
means  the  voltage  recovered  completely  after  turn-off  of  the  e-beam  and 
the  current  approached  zero.  For  applied  voltages  above  V„  (Figure  Sb), 
however,  the  current  did  not  return  to  zero,  and  the  voltage  recovered 
only  partially  and  stayed  constant  for  the  duration  of  the  applied  PFN 
pulse.  This  behavior  which  was  observed  previously  is  known  as  lock -on 
effect  Figure  6  (20)  summarizes  these  results  in  current  voltage  curves 
for  the  dark  condition,  for  electron-beam  ionization,  and  for  the  phase 
following  the  termination  of  the  e-beam.  At  voltages  above  V„,  the  lock- 
on  and  the  dark  current  curve  seem  to  be  almost  identical  and  both  are 
merging  with  the  electron-beam  controlled  current  at  higher  voltages. 

Similar  switching  experiments  as  with  GaAs  have  been  performed 
with  different  samples  of  ZnSe  For  poly-crystalline  material,  the 


measured  power  gam  was  far  below  the  expected  value  as  listed  in  Table 
1.  an  effect  that  we  blame  on  the  poor  quantum  efficiency  due  to 
increased  non-radiative  recombination  at  the  gram  boundanes.  For  mono- 
crystalline  samples,  the  results  were  much  better  and  more  in  accordance 
with  the  expectations.  Doping  of  the  matenal  with  shallow  donors  or 
acceptors,  a  concept  which  was  successfully  applied  to  GaAs  (2).  should 
increase  the  quantum  efficiency  even  further.  Also  in  ZnSe.  we  have 
observed  the  lock -on  effect 


Figure  5.  (a)  Switch  voltage  and  switch  current  for  switch  operation 

in  the  linear  mode. 


Figure  5.  (b)  Switch  voltage  and  switch  current  for  switch  operation 

in  the  lock -on  mode. 

Thin  diamond  films  of  1  pm  thickness  showed  the  expected  results 
in  the  switching  experiments:  again  the  lock-on  effect  was  observed.  We 
believe  that  the  matching  of  film  thickness  to  electron  penetration  depth 
will  make  diamond  electron-beam  controlled  switches  extremely  efficient 
for  applications  which  require  to  switch  voltages  in  the  kV-range. 
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Figure  6.  The  steady-state  dark  current,  the  transient  dark  current,  the 
lock-on  current,  and  the  current  under  electron-beam 
irradiation  versus  applied  voltage. 

Modeling  of  the  Switches 

To  gain  a  better  understanding  of  the  behavior  of  electron-beam 
controlled  switches  both  under  steady  state  and  transient  conditions,  it  is 
instructive  to  confront  the  experimental  results  of  the  last  chapter  with  the 
outcome  of  a  mathematical  simulation.  Although  our  currently  employed 
switch  model  is  not  yet  realistic  enough  to  allow  quantitive  predictions, 
mainly  because  of  the  poor  knowledge  of  several  essential  material 
parameters,  it  is  nonetheless  able  to  provide  qualitative  insight  into  the 
operation  principles  of  the  switches.  In  particular,  it  can  account  for  the 
breakdown-like  behavior  of  the  devices  at  electrical  fields  considerably 
below  the  dielectric  strength,  and  it  can  give  a  plausible  explanation  for 
the  lock-on  effect 

For  the  following,  we  consider  a  switch  sample  with  an  area  of  A  * 

I  cm-  and  a  thickness  of  L  -  0.5mm.  connected  to  a  voltage  source  as 
depicted  in  Figure  7.  We  describe  the  electron  and  hole  transport  in  the 
device  with  a  set  of  one-dimensional  equations  that  include  the  generation 
of  free  charge  carriers  through  radiative,  thermal  or  impact  ionization, 
their  transport  under  the  influence  of  the  electrical  field,  and  their 
recombination  or  trapping  in  inuaband  levels;  we  also  allow  for  charge 
carrier  injection  at  the  contacts.  The  number  of  electrons  in  the 
conduction  band  and  the  number  of  holes  in  the  valence  band  are  denoted 
by  n  and  p.  respectively,  and  the  densities  of  the  various  deep  levels  by 
N,  and  their  relative  occupation  number  by  r,.  To  be  specific,  we  consider 
a  "generic"  GaAs-like  material  with  three  deep  levels,  namely  a 
dominating  recombination  center  in  the  middle  of  the  band  gap.  and  two 
additional  levels  in  0.3  eV  distance  from  the  conduction  and  the  valence 
band  which  act  as  electron  and  hole  traps.  The  mean  free  carrier  lifetimes 
are  1.2  ns  for  the  electrons  and  3.S  ns  for  the  holes,  and  the  dielectric 
strength  is  215  kV/cm. 

f  ♦  ~  (*.(£>•  -  J>„f: )  •  s  *  .  (4) 

f  -  |  (v,(£*  -  />,|)  .  (5) 


In  these  expressions,  v„  and  vf  stand  for  the  field  dependent  carrier 
drift  velocities.  D„  and  D,  are  the  diffusion  coefficients.  The  terms  on  the 
right  hand  side  denote  the  balances  of  direct  recombination,  thermal  pair 
generation  and  impact  ionization  (n„).  trapping  and  thermal  release  of 
electrons  or  holes  (r„  and  r„),  and  the  carrier  generation  due  to  the 
external  source  (5).  The  description  is  supplemented  with  Poisson's 


equation  connecting  the  electric  field  £  to  the  excess  charge  in  the 
crystal,  the  quantities  N+  £<>  and  e,  stand  for  the  effective  shallow  doping 
density,  the  absolute  and  the  relative  dielectric  constant,  respectively 

«  «(*  -  P  *  £  Nft  *  NJ  .  P) 

ex  t 

For  the  completion  of  the  system,  we  assume  ideal  injection  conditions 
at  both  contacts.  i.e..  we  require  £|0  =  £|L  =  0  in  addition  to  the  voltage 

condition  Edx  *  V. 

These  assumptions  -  which  have  first  been  introduced  by  Lam  pert 
(21]  -  express  the  fact  that  the  overall  voltage  drop  across  the  switch  is 
dominated  by  the  highly  resistive  semi-insulating  bulk  material,  they  also 
lead  to  a  satisfactory  phenomenological  description  of  the  current 
injection  through  the  contacts  at  higher  applied  voltages. 
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Figure  7.  Schematic  representation  of  an  electron-beam -controlled 
switch  connected  to  an  external  load  circuit  of  50- 


The  Steady-State  Characteristics 

To  calculate  the  steady  state  l-V  curves  of  the  switches,  we  have 
employed  a  numerical  code  which  solves  U)io(5)  itcmivciy  on  the  basis 
of  a  modified  shooting  scheme.  (See  reference  [22]  for  a  more  extensive 
discussion  of  our  method.)  An  investigation  of  several  different  cases  has 
demonstrated  that  the  quantitative  details  of  the  current-voltage  curves 
depend  strongly  on  the  physical  parameters  of  the  simulation,  especially 
on  the  density  and  the  trapping  cross  sections  of  the  deep  levels  in  the 
material.  A  detailed  cartography  of  this  multi-dimensional  parameter 
space  is  beyond  the  scope  of  the  current  work;  we  will  instead  base  the 
following  analysis  on  the  "generic"  configuration  introduced  above  and 
discuss  the  influence  of  possible  parameter  variations  only  qualitatively. 

The  results  of  our  dark  current  simulation  agree  qualitatively  very 
well  with  the  measured  values  (Fig.  2).  For  low  voltages.  V  <  200  V.  the 
/-V-curve  exhibits  a  linear  ohmic  behavior  with  j  =  r(jyi„  +  pf^VIL  * 
G0V.  with  the  conductivity  being  determined  by  the  carrier  concentrations 
in  the  thermodynamic  equilibrium.  For  higher  voltages.  200  V  <  V  <  2 
kV.  deviations  from  this  relation  arise  which  are  due  to  the  saturation  of 
the  drift  velocities  at  higher  electrical  fields,  but  the  current  voltage  curve 
is  still  monotonic.  At  about  2  kV  (the  critical  voltage  V,).  however,  the 
current  slope  begins  steeply  to  rise  over  several  orders  of  magnitude,  and 
bends  even  slightly  back  to  lower  voltages. 

Theory  and  experiment  coincide  in  that  the  numerical  value  of  the 
critical  voltage  K  «  considerably  lower  than  what  one  would  expect 
from  a  simple  calculation  on  the  basis  of  the  dielectric  strength.  V„  -  LEt 
-  10  kV.  A  detailed  investigation  of  the  field  configuration  at  different 
voltages  [22]  has  revealed  the  cause  of  this  apparent  contradiction:  The 
steep  increase  of  the  current  at  V„  is  not  at  all  related  to  the  usual 
dielectric  breakdown,  i.e.  to  impact  ionization  and  avalanche 
multiplication  in  the  bulk,  but  rather  to  the  injection  of  charge  carriers 
through  the  contacts  and  the  subsequent  formation  of  an  electron-hole 
plasma  The  existence  of  the  voltage  threshold  results  from  the  fact  that 
small  amounts  of  injected  charge  carriers  are  quickly  trapped  in  the 
vicinity  of  the  contacts  so  that  they  cannot  contribute  to  the  conductance 
(which  remains  determined  by  the  equilibrium  carrier  concentration).  At 
higher  injection  levels,  however,  the  deep  traps  become  essentially  filled, 
and  the  effective  lifetime  of  the  charge  carriers  increases  considerably.  (In 
the  considered  generic  material,  this  increase  amounts  to  a  factor  of  four 
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for  the  electrons,  and  t  factor  of  two  for  the  holes).  Consequently,  the 
concentration  of  charge  carriers  in  the  conductive  bands  also  goes  up  and 
leads  to  a  drastic  current  increase  at  constant  or  even  reduced  forward 
voltages. 

Our  scenano  is  independently  confirmed  by  the  already  mentioned 
observation  that  the  quantitative  and  qualitative  characteristics  of  the  l-V 
curves  depend  strongly  on  the  details  of  the  deep  level  structure  of  the 
material.  In  particular,  the  value  of  the  critical  voltage  can  be 
considerably  higher  for  a  semiconductor  with  a  higher  concentration  of 
recombination  centers.  i.e..  with  a  shorter  free  carrier  lifetime  t.  In 
suitably  (for  instance,  strongly  chromium)  doped  material.  V„  can  even 
be  increased  up  to  the  value  given  by  the  dielectric  strength  (which  then, 
of  course,  sets  a  limit  to  further  improvement). 

We  calculated  for  our  sample  configuration  also  the  current-voltage 
curves  under  electron-beam  irradiation,  assuming  a  constant  source 
function  for  the  sake  of  simplicity.  At  low  fields,  the  relation  between  the 
voltage  and  the  current  is  approximately  linear  and  can  be  described  by 
a  conductance  G.  j  *  eipjt  ♦  \ij>)V/L  =  C(S)V.  Under  higher  stress, 
however,  deviations  from  the  linear  slope  become  significant,  and  a  the 
critical  voltage  the  /-V-curves  increase  non-line  arty  due  to  charge  carrier 
injection  until  they  merge  with  the  dark  current  curve. 

The  Transient  Behavior  of  the  Switches 


A  deeper  analysis  of  the  modeling  results  obtained  so  far  reveals  that 
they  are  not  only  able  to  explain  the  quasi-breakdown  at  fields  below  E^. 
but  can  also  give  a  plausible  scenario  for  the  transient  behavior  of  the 
switches:  If  the  high  current  above  V„  is  related  to  increased  carrier 
lifetimes  because  of  filled  traps,  then  it  is  dear  that  this  state  cannot  be 
reached  instantaneously.  Immediately  after  the  application  of  the  voltage, 
the  traps  are  still  in  their  equilibrium  occupation  stale,  i.e..  they  can  still 
trap  the  injection  charges  from  the  valence  and  conduction  band  and 
maintain  the  high  resistivity  of  the  material.  It  is  only  after  a  relatively 
slow  evolution  during  which  the  traps  are  filled  by  the  injected  charges 
that  the  current  can  assume  its  higher  dc  value.  Obviously,  this  temporal 
development  can  be  accelerated  considerably  if  the  charges  necessary  to 
fill  the  traps  are  not  only  injected  from  the  contacts  but  also  directly 
generated  in  the  bulk:  An  older  of  magnitude  estimation  shows  that  a 
reasonably  strong  external  source  function  can  shorten  the  trap  filling 
time  down  to  the  ns  range. 

Consider  now  the  linear  /-V-diagram  in  Figure  8.  where  we  have 
schematically  drawn  the  three  different  /-V-curves  discussed  above, 
namely  a)  the  transient  dark-current  /-V-curve  that  is  valid  during  (he 
onset  time,  b)  the  steady  state  dark -current  which  is  reached  in  the  time 
asymptotic  limit.  c)and  the  current-voltage  characteristic  of  GaAs  under 
electron-beam  irradiation.  Imagine  two  switching  experiments  with  the 
circuit  depicted  in  Figure  7,  i.e..  with  the  same  load  resistor  R.  but 
different  initial  voltages  Vfr  The  corresponding  load  lines  I  and  II  are 
drawn  in  Figure  8. 


Figure  8.  Schematic  switching  cycles  in  a  load-line  diagram  for  two 
different  applied  voluges.  Cycle  I  shows  no  lock-on  current: 
in  cycle  II.  the  current  locks  on  at  point  c„. 


In  the  first  experiment,  the  switch  suns  in  the  resistive  off-state  at 
point  a,  where  the  current  is  low  and  the  voluge  is  very  close  to  the 
voltage  V„.  Under  irradiation  with  the  beam,  the  switch  becomes  quickly 
ionized  and  the  load  point  moves  tot  he  low  resistivity  regime  bh  the  on- 
slate  of  the  switch.  After  turn-off  of  the  beam,  the  charge  earners 
recombine  and  the  switch  moves  to  the  point  c,.  which  is  identical  with 
the  point  a It  is  clear  that  this  case  does  not  exhibit  a  lock -on  effect 

In  the  second  experiment,  the  load  line  II  corresponds  to  a  source 
voltage  VH  that  lies  over  the  critical  value  V„.  In  the  initial  off-sute.  the 
load  point  is  located  at  a,.  i.e..  in  the  transient  state  with  a  small 
electrical  current  The  load  point  begins  to  move  along  the  load  line,  but 
according  to  our  argumentation  above,  bus  time  development  is  rather 
slow  and  might  take  a  time  that  is  long  compared  to  the  duration  of  the 
applied  pulse.  Under  irradiation  with  the  electron  beam,  however,  the  load 
point  moves  very  quickly  to  b„.  i.e.  to  the  on-sute  with  a  high  current 
and  a  small  voltage.  Due  to  the  high  carrier  density  generated  by  the  e- 
beam.  the  traps  will  be  filled  very  quickly.  Now.  after  the  turn-off  of  the 
beam,  the  load  point  will  not  return  to  the  initial  value  bu  but  rather  to 
the  steady  state  value  c*.  with  a  considerably  higher  current,  the  lock -on 
current. 

To  demonstrate  this  conjected  behavior  of  the  switch  explicitly,  we 
have  implemented  the  dynamical  equations  on  the  basis  of  a  specially 
adapted  transom  scheme.  Our  code,  which  combines  a  Lag  rang  un 
treatment  of  the  free  electrons  and  holes  with  an  Eulerian  description  of 
the  trapped  charges,  eliminates  virtually  all  errors  due  to  spunous 
numerical  diffusion  and  ensures  a  satisfactory  accuracy  even  for  a 
relatively  small  number  (220)  of  discretization  points. 

Figure  9a  and  9b  shows  a  synopsis  of  a  typical  simulation  run.  i.e.. 
the  applied  voluge  V*  the  voltage  across  the  switch  V  (Fig.  9a).  and  the 
current  density  j  (Fig.  9b)  as  a  function  of  the  elapsed  time  r.  The  system 
starts  r «  0  from  the  thermodynamic  equilibrium,  i.e..  from  the  state  with 
no  voltage  and  source  function  applied.  First,  the  applied  voltage  is 
increased  within  about  10  ns  to  a  value  4  keV.  to  which  the  switch 
responds  with  the  dielectric  displace  mem  current.  After  the  final  voluge 
has  been  reached,  the  current  dies  rapidly  down  and  the  system  settles 
down  to  a  highly  resistive  state.  A  comparison  with  the  /-V'-chancieristics 
in  Figure  6.  however,  shows  that  because  of  V„  <  Vc  this  state  does  not 
correspond  to  a  true  equilibrium,  but  rather  to  an  intermediary  phase 
which  still  evolves  on  comparatively  long  time  scale. 
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Figure  9.  The  temporal  development  of  switch  voltage  (a)  and  current 
density  (b)  in  an  electron  beam  control  GaAs  switch. 
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After  100  ns,  we  apply  for  a  time  span  of  100  ns  a  source  function 
of  S  *  10°  cm  ‘cm1.  The  system  reacts  within  a  few  ns  by  increasing  the 
conductivity  drastically.  The  current  jumps  nearly  to  the  maximal  value 
of  80  A  determined  by  the  external  circuit,  and  the  voltage  across  the 
switch  breaks  down  to  about  hundred  volts.  At  the  same  time,  the  deep 
levels  trap  charges  form  the  conduction  and  valence  band,  respectively, 
so  that  at  the  end  of  the  100  ns  the  electron  trap  is  about  half  filled,  and 
the  hole  trap  to  about  5%. 

After  the  source  function  has  been  switched  off  again,  the  remaining 
traps  in  the  band  gap  absorb  most  of  the  charge  earners  of  the  conduction 
bands,  such  that  resistivity  of  the  bulk  increases  and  the  current  density 
drops  to  less  than  10%.  The  initially  highly  resistive  state,  however,  is  not 
completely  recovered,  the  system  exhibits  instead  a  slow  rise  of  the 
current  density  due  to  the  continuing  filling  of  the  traps  by  injected 
charges,  and  finally  relaxes  into  the  true  equilibrium,  the  lock-on  state 
In  the  light  of  these  results,  what  is  now  the  significance  of  the 
figure  of  merit  Q.  the  so-called  power  gain?  Clearly,  as  defined  above,  it 
is  strictly  applicable  only  for  switches  where  the  hold-off  voltage  is  close 
to  the  value  given  by  the  dielectric  strength,  i.e..  where  the  effect  of 
current  is  negligible.  This  is  the  case  either  for  samples  that  have  a 
sufficient  concentration  of  recombination  centers,  or  in  situations  where 
the  electrical  stress  is  applied  merely  for  a  short  lime  before  the  electron 
beam  irradiation  starts.  In  other  cases,  the  power  gain  will  lose  its  strict 
meaning,  but  we  can  still  view  it  as  a  heuristic  tool  to  obtain  a  first  idea 
of  the  suitability  of  different  materials. 

Discussion 

The  concept  of  electron-beam  controlled  semiconductor  switches  is 
based  on  the  generation  of  free  charge  carriers  in  a  semi-insulating 
semiconductor  sample  by  ionizing  it  with  a  high-energy  electron-beam. 
Based  on  an  expression  which  combines  the  relevant  parameters  of  a 
material  to  one  dimensionless  figure  of  merit,  the  maximal  power  gain  Q. 
we  have  concluded  that  three  different  semiconductor  materials  are 
singled  out  with  respect  to  their  performance  in  e-beam  controlled 
switches:  For  the  concept  of  direct  beam  ionization,  it  is  diamond  which 
seems  to  be  the  most  promising  material.  In  the  form  of  thin  films  of  up 
to  about  100  pm  thickness,  diamond  switches  can  withstand  voltages  of 
up  to  S  kV  for  dc  operation  and  30  kV  in  pulse  charged  systems. 
Combined  with  their  good  thermal  properties  which  enables  high 
repetition  rate  operation  this  is  reason  enough  to  expect  a  bright  future  for 
diamond  based  electron-beam  switches  in  the  control  of  low  to  moderate 
power  densities. 

For  higher  electrical  stress,  the  concept  of  indirect  bulk  ionization 
with  cathodoluminescence  is  more  appropriate.  Our  investigations  have 
shown  that  two  materials  are  particularly  promising,  namely  the  direct 
semiconductor  materials  of  GaAs  and  ZnSe.  Due  to  their  nature  as  direct 
semiconductors,  both  materials  have  a  high  conversion  factor  of  beam 
energy  into  photons  and  allows  therefore  the  control  of  semiconductor 
bulk  switches  of  up  to  several  mm  thickness. 

The  particular  advantages  of  electron-beam  controlled  semiconductor 
switches  are  other  types  of  photoconductive  switches  are: 

•  Due  to  the  possibly  small  volume  and  low  cost  of  high-intensity 
electron  beam  guns  based  on  standard  vacuum  technology,  compact 
and  economic  designs  of  e-beam  controlled  switch  systems  are 
possible. 

•  Photocathode  emitters  offer  possibilities  for  generating  electron-beam 
pulses  with  very  short  pulse  duration. 

•  Because  of  the  strong  influence  of  the  deep  traps  on  the  switch 
behavior  in  both  the  steady  stale  an  the  transient  case,  a  tailoring  of 
the  material  to  maximize  the  performance  is  possible. 

•  Any  semiconductor  switch,  independent  of  the  bandgap,  can  be 
ionized. 

•  Especially  promising  is  that  the  concept  does  not  allow  for  fast  and 
repetitive  opening  and  closing  cycles  but  also  for  the  use  as  a  linear 
power  modulator  controlled  by  the  electron- beam  current.  The  closed 
switch  behaves  very  similar  to  an  externally  controlled  ohmic  resistor 
as  long  as  the  applied  electrical  fields  are  moderate;  the  current 
density  is  essentially  proportional  to  the  forward  voltage  drop  and 
can  reach  up  to  thousand  times  the  value  of  the  controlling  electron- 
beam  current. 


Our  discussion  would  not  be  complete  without  mentioning  also  the 
negative  aspects  of  electron-beam  controlled  switches.  Most  of  these 
drawbacks  are  problems  that  they  share  with  the  other  types  of 
photoconductive  switches,  such  as  the  occurrence  of  the  lock-on  effect 
and  the  possibility  of  thermal  breakdown.  It  is.  as  many  post-mortem 
investigations  indicate,  in  particular  the  formation  current  filaments  and 
the  related  inhomogeneity  in  the  energy  dissipation  which  can  lead  to 
local  overheating  and  a  catastrophic  device  failure.  It  is  not  yet 
completely  clear  if  (or  how)  the  fi lamentation  is  related  to  the  lock-on 
effect,  possibly  it  is  due  to  a  symmetry-breaking  instability  caused  from 
the  negative  differential  conductivity  discussed  above,  or  it  is  the 
consequence  of  thermal  runaway.  There  is  however,  one  possible  problem 
which  is  indigenous  only  to  the  concept  of  indirectly  ionized  e-beam 
controlled  switches:  Due  to  the  fact  that  only  about  one  thud  of  its 
kinetic  energy  is  convened  into  band  edge  radiation,  the  e-beam 
irradiation  causes  a  considerable  energy  dissipation  in  a  thin  layer  close 
to  the  semiconductor  surface.  While  the  overall  contribution  of  energy 
to  the  total  dissipation  is  relatively  small,  it  is  its  concentration  on  the 
small  conversion  layer  which  can  lead  to  considerable  local  overheating. 

Some  of  the  named  limitations  of  electron-beam  controlled 
semiconductor  switches  can  be  overcome  by  pulse  charging  the  power 
system.  Since  the  filling  of  the  electron  and  hole  traps  requires  a  certain 
time,  the  transition  into  the  trap-filled  state  can  be  extended  to  higher 
fields  if  the  pulse  duration  of  the  applied  voltage  and  with  it  the  number 
of  injected  charges  is  reduced.  For  very  short  pulses  and  a  sufficient 
density  of  deep  traps,  the  critical  voltage  V,  can  approach  the  breakdown 
field  of  the  semiconductor  as  listed  in  Table  I.  That  means  for  fast  pulse 
charged  systems.  GaAs  could  be  almost  as  efficient  as  diamond  and  even 
surpass  ZnSe. 

The  effect  of  trap  filling  on  switch  resistance  and  consequently  on 
the  maximum  applicable  voltage  is  demonstrated  in  Figure  10  which 
show  the  computed  current  voltage  characteristics  of  semi-insulating 
GaAs.  It  covets  the  range  from  ohmic  behavior  at  low  voltages  through 
the  range  where  deep  traps  determine  the  dark  current  up  to  the  onset  of 
dielectric  breakdown  through  impact  ionization.  Initially,  in  the  ohmic 
range,  most  of  the  charge  carriers  that  are  injected  from  the  contacts  will 
become  trapped  in  electron  or  hole  traps  which  have  a  relative  high 
density  in  semi-insulating  gallium  arsenide,  to  the  effect  that  free  carrier 
densities  remain  very  low  during  the  onset  time.  It  is  only  after  the  traps 
are  completely  filled  that  the  cutrent  can  rise  to  a  higher  value.  The 
necessary  time  span  can  be  considerable  if  only  charges  injected  through 
the  contacts  are  available  to  fill  the  traps.  However,  for  short  pulses  it  is 
possible  to  slay  in  the  regime  where  traps  are  not  completely  filled  even 
at  high  voltages.  Then  it  is  possible  to  extend  the  switch  voltage  range  to 
the  value  of  the  dielectric  breakdown  voltage,  which  can  be  orders  of 
magnitude  above  the  dc  trap  filled  voltage. 
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Abstract— the  term  “lock-on  effect’’  describes  the  inability  of  pho- 
toconductive  or  electron-beam-controlled  semiconductor  switches  to 
recover  to  their  initial  hold-off  voltage  following  the  application  of  the 
laser  or  electron-beam  pulse,  if  the  applied  voltage  exceeds  a  certain 
value.  For  GaAs,  this  threshold  voltage  corresponds  to  average  electric 
fields  in  the  range  from  4  to  12  kV /cm.  Experimental  results  on 
semi-insulating  GaAs  switches  indicate  that  the  corresponding  lock-on 
current  after  e-beam  irradiation  is  identical  with  the  steady -state  dark 
current.  The  highly  resistive  state  of  the  switch  before  e-beam  irradia¬ 
tion  is  shown  to  be  a  transient  phase  towards  the  much  lower  steady- 
state  dark  resistance,  with  a  duration  which  depends  on  the  impurity 
content  of  the  switch  material  and  the  applied  voltage.  The  irradiation 
of  the  GaAs  samples  with  electrons  or  photons  causes  an  acceleration 
of  this  temporal  evolution;  at  sufficiently  high  laser  or  e-beam  inten¬ 
sities  “lock-on"  of  the  dark  current  after  termination  of  the  driving 
ionization  source  is  observed.  Based  on  the  experimental  results,  a 
model  is  developed  which  describes  the  lock-on  effect  in  terms  of  dou¬ 
ble  injection  and  carrier  trapping  in  deep  intraband  levels.  The  model 
explains  the  major  characteristics  of  the  lock-on  effect  and  is  sup¬ 
ported  by  the  qualitative  agreement  of  the  calculated  current- voltage 
curves  with  the  experimental  data. 


1.  Introduction 

ATTEMPTS  to  utilize  electron-beam-controlled  semicon¬ 
ductor  switches  have  already  been  made  in  the  1960’s  {1] 
and  the  1970’s  [2],  but  only  recently  research  in  this  field  has 
gained  new  momentum  due  to  an  improved  concept  [31,  [4]. 
This  switch  concept  is  based  on  the  generation  of  free  charge 
carriers  in  the  bulk  of  a  semi-insulating  semiconductor  such  as 
gallium  arsenide  (GaAs)  by  cathodoluminescence.  Once  the 
electron-beam  is  terminated,  the  switch  will  open  due  to  elec¬ 
tron-hole  recombination  and  trapping  of  free  carriers  on  a  time 
scale  of  nanoseconds  or  less  if  the  current  injected  through  the 
contacts  into  the  bulk  of  the  switch  is  negligible  [5].  With  the 
observed  linear  dependence  of  the  switch  current  on  the  elec¬ 
tron-beam  current  in  an  electric  field  range  up  to  about  4  kV  /cm 
[3],  these  devices  promise  also  to  be  useful  for  the  modulation 
of  the  electrical  power  into  a  temporally  varying  load.  The  mod¬ 
ulation  of  electron-beam  currents  can  easily  be  achieved  with 
gated  vacuum  tubes  which  makes  compact  and  economic 
switched  designs  possible. 

An  obstacle  for  the  use  of  the  GaAs  switches  as  opening 
switches  or  modulators  in  high-voltage  systems,  however,  is  the 
so  called  "lock-on”  effect  which  determines  the  device  behav¬ 
ior  when  the  initially  applied  voltage  V0  is  greater  than  a  certain 
critical  value  Fcr.  This  effect  is  manifested  by  the  inability  of 
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Fig.  1.  Schematic  representation  of  an  electron-beam-controlled  switch 
connected  to  an  external  load  circuit  of  50-Q  impedance. 

the  switch  to  recover  to  its  initial  hold-off  voltage  following  the 
application  of  an  electron-beam  or  laser  pulse;  after  tum-off  of 
the  driving  source  the  voltage  is  "locked-on'  ’  to  a  constant  value 
corresponding  to  an  average  electric  field  strength  in  the  range 
from  4  to  12  kV/cm  [6],  [7], 

The  effect  of  “lock-on”  on  the  voltages  and  current  curves 
of  a  switching  cycle  is  shown  schematically  in  Fig.  2  (case  V0 
>  Fcr)  in  comparison  to  a  cycle  without  lock-on  (case  V0  < 
Kcr);  Fig.  1  shows  schematically  the  corresponding  external  cir¬ 
cuit.  In  both  cases,  the  switch  is  initially  in  a  highly  resistive 
state  with  V  *  V0  and  the  dark  current  is  very  small.  Due  to 
the  electron-beam  excitation  the  switch  then  turns  on.  i.e.,  the 
switch  voltage  collapses  and  the  current  reaches  a  value  which 
is  determined  by  the  e-beam-generated  conductance  and  by  the 
external  circuit.  After  the  termination  of  the  electron-beam, 
however,  it  is  only  in  the  case  of  F0  <  V„  that  the  voltage 
recovers  to  its  initial  value  V0  and  the  current  returns  to  the 
small  dark  current  value.  In  the  case  of  V0  >  V„,  the  voltage 
does  not  recover  completely,  but  settles  on  a  value  Flo  <  V0, 
the  lock-on  voltage.  The  name  lock-on  indicates  that  this  volt¬ 
age  is  virtually  independent  of  the  current,  a  characteristics 
which  has  been  compared  to  that  of  a  Zener  diode. 


II.  Experiments 

In  order  to  study  the  lock-on  effect  we  have  concentrated 
semi-insulating  GaAs  as  the  switch  material.  Particularly  for 
the  experimental  investigations,  as-grown  (EL2-compensated) 
material  with  a  resistivity  of  6  x  106  Q  •  cm  was  used.  The 
sample  geometry  consisted  of  a  bulk  region  with  aligned  par¬ 
allel-plate  contacts.  The  thickness  of  the  bulk  was  0.065  cm, 
the  area  of  the  contacts  about  1 . 1  cm2.  The  contacts  were  man¬ 
ufactured  by  thermally  depositing  a  Au ( 88%  )-Ge ( 12% )  alloy 
to  a  thickness  of  100  nm.  The  sample  was  then  annealed  at 
450°C  in  N,  at  atmospheric  pressure  for  a  period  of  15  min. 

A  set  of  experiments  [8]  was  conducted  where  the  GaAs  sam¬ 
ple  was  irradiated  through  the  cathode  contact  with  an  electron- 
beam  pulse  of  15-jis  duration  as  schematically  shown  in  Fig.  1 . 
The  electron-beam  was  produced  by  a  pulsed  thermionic  diode. 
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Fig.  3.  The  current-voltage  characteristics  of  the  GaAs  switch  under  elec¬ 
tron-beam  irradiation  (circles)  and  in  lock-on  phase  (squares)  The  electron 
beam  current  density  was  20  mA/cm’. 


Fig.  2.  Schematic  illustration  of  switching  cycles  without  and  with  the 
lock-on  effect  (  V„  <  L  ,  and  k',,  >  Kir.  respectively). 

The  energy  of  the  electrons  was  about  150  keV  and  the  e-beam 
current  density  was  in  the  range  of  up  to  30  mA /cm2. 

The  results  of  the  current-voltage  measurements  which  are 
described  in  more  detail  in  [8]  are  shown  in  Fig.  3.  The  current 
density  in  the  on-state  (during  electron-beam  irradiation)  in¬ 
creases  linearly  with  voltage  up  to  about  200  V  which  corre¬ 
sponds  to  an  average  field  intensity  of  3  kV/cm.  Above  this 
voltage  the  current  density  rises  steeply  to  values  greater  than 
20  A/cm2.  In  that  regime  the  sample  does  not  return  to  the 
initial  applied  voltage  after  termination  of  the  electron  beam  but 
rather  to  a  value  which  appears  to  be  almost  independent  of  the 
initial  conditions  [8].  The  values  of  this  “lock-on”  current  are 
plotted  in  the  same  diagram  (Fig.  3)  as  squares.  The  lock-on 
onset  occurs  at  an  average  electrical  field  of  about  4  kV /cm 
and  rises  very  steeply,  i.e.,  the  voltage  is  almost  independent 
of  the  current.  When  chromium-doped  semi-insulating  GaAs 
was  used,  the  critical  field  was  found  to  be  higher  by  a  factor 
of  two  compared  to  the  lock-on  field  of  as-grown  GaAs.  The 
effect  is  very  similar  to  the  results  obtained  on  GaAs  samples 
irradiated  with  a  high-power  laser  [6),  (7),  where  it  was  also 
found  that  the  value  of  the  iock-on  field  depends  on  the  impurity 
content  of  the  switch  material. 

In  the  on-state,  an  increase  of  the  electron-beam  current 
causes  a  nearly  linear  increase  in  the  switch  current.  The  am¬ 
plitude  of  the  lock-on  current,  however,  does  not  seem  to  be 
dependent  on  the  intensity  of  the  previous  e-beam  irradiation. 
The  lock-on  current  is  therefore  determined  only  by  mate¬ 
rial-dependent  transport  processes  occurring  at  high  fields;  in 
our  opinion  it  is  actually  the  steady-state  dark  current  of  the 
device.  In  order  to  prove  this  concept,  dark  current  measure¬ 
ments  on  semi-insulating  GaAs  were  performed  with  applied 
voltages  of  up  to  1000  V,  corresponding  to  average  fields  of  up 
to  15  kV/cm.  Fig.  4  shows  the  steady-state  current  obtained 
with  both  the  dc  and  the  pulsed  bias  measurements  at  room  tem¬ 
perature  [8).  There  is  a  steep  increase  in  current  over  four  or¬ 
ders  of  magnitude  at  about  200  V  in  a  voltage  range  of  several 
tens  of  volts.  The  current  values  obtained  in  the  “lock-on”  ex¬ 
periment  (Fig.  3)  are  plotted  for  comparison  with  the  steady- 
state  values  of  the  dark  current;  the  two  current  curves  are  vir¬ 
tually  identical.  Also  plotted  are  the  !-V  characteristics  of  the 


Fig.  4.  The  steady-state  dark  current,  the  transient  dark  current,  the  lock-on 
current,  and  the  current  under  electron-beam  irradiation  versus  applied 
voltage. 


on-state,  when  the  GaAs  switch  was  irradiated  by  an  elecfon 
beam. 

The  temporal  development  of  the  dark  current  was  also  stud¬ 
ied  [8].  It  turned  out  that  this  current  remains  very  low  for  an 
“onset  time”  and  then  increases  monotonically  up  to  a  steady- 
state  value  (Fig.  5).  The  onset  time,  which  is  defined  as  the 
time  necessary  to  reach  a  current  value  of  5%  of  the  final  steady- 
state  current,  is  found  to  be  a  strong  function  of  the  amplitude 
of  the  applied  voltage  as  shown  in  Fig.  5.  Any  electron-beam 
domination  shortly  before  or  during  the  onset  time  shortens  the 
transient  phase  drastically.  In  particular,  by  sufficiently  irra¬ 
diating  the  sample  with  an  electron  beam  or  laser  it  is  possible 
to  reduce  the  time  necessaiy  to  reach  the  final  value  of  the  dark 
current  such  that  the  dark  current  then  locks  on  immediately 
after  the  application  of  the  voltage  pulse  (Fig.  6). 


III.  Modeling 

In  order  to  understand  the  experimental  results  outlined 
above,  we  focus  now  on  a  theoretical  description  of  the  switch 
configuration.  We  assume  that  the  switch  diameter  is  large  com- 
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Fig.  5.  The  temporal  evolution  of  the  dark  current  with  a  square-pulse 
voltage  applied  |8).  The  peak  at  /  =  0  corresponds  to  the  displacement 
current,  it  is  followed  by  the  transient  dark  current  (0  <  /  <  I  ms),  the 
onset  phase  current  (  I  ms  <  /  <  2.5  ms),  and  by  the  steady-state  dark 
current  (2.5  ms  <  /  <  3.5  ms). 


Fig.  6.  The  onset  time  of  the  dark  current  as  a  function  of  the  applied 
voltage  [8]. 

pared  to  its  thickness,  such  that  a  one-dimensional  model  can. 
be  employed  to  describe  the  electron  and  hole  flow  though  the 
switch.  Our  model  includes  the  generation  of  free  charge  car¬ 
riers  through  radiative,  thermal  or  impact  ionization,  their 
transport  under  the  influence  of  the  electrical  field,  and  their 
recombination  or  trapping  in  intraband  traps.  Denoting  the 
number  of  electrons  in  the  conduction  band  and  the  number  of 
holes  in  the  valance  band  by  n  and  p.  respectively,  the  densities 
of  the  various  carrier  traps  by  N,.  and  their  relative  occupation 
number  by  r,,  the  system  of  dynamical  equations  reads 

ff  ”  ic  ivn(E)n)  =  hcr  ~  Y,  N,rcl S  (1) 

Yt  +  £  ( Vp(E)P )  =  «rr  S  N,r,.,  +  S  (2) 

dr,  _  .  ,,, 

0^  *Vi  ^ci‘  ( ^ ) 

In  these  expressions,  v„  and  vp  stand  for  the  absolute  values 
of  the  field-dependent  carrier  drift  velocities.  The  diffusion  con¬ 


tributions  have  been  neglected.  The  terms  on  the  nght-hand  side 
denote  the  balances  of  direct  recombination,  thermal  pair  gen 
eration  and  impact  ionization  (nr, ).  trapping  and  thermal  re¬ 
lease  of  electrons  or  holes  ( ra  and  rt, ).  and  the  earner  genera¬ 
tion  due  to  the  external  source  ( S ).  The  description  is  completed 
with  Poisson's  equation  connecting  the  electncal  field  E  to  the 
excess  charge  in  the  crystal;  the  quantities  Nd,  e0,  and  e,  stand 
for  the  effective  shallow  doping  density,  the  absolute  and  the 
relative  dielectric  constant,  respectively 

€0*rT-  =  e(n  -  p  +  £  N,r,  -  Nd).  (4) 

ox 

For  the  completition  of  the  system  we  assume  ideally  ohmic 
conditions  at  both  contacts,  i.e..  we  require  £|o  =  £|t  =  0  in 
addition  to  the  voltage  condition 

L 

Edx  =  V.  (5) 

0 

These  assumptions— which  have  been  introduced  first  by  Lam- 
pert  [91— express  the  fact  that  the  overall  voltage  drop  across 
the  switch  is  dominated  by  the  highly  resistive  semi-insulating 
bulk  material:  they  also  lead  to  a  satisfactory  phenomenological 
description  of  the  current  injection  through  the  contacts. 

We  have  developed  a  code  which  solves  ( 1 )— (4)  numerically 
under  the  assumption  of  steady  state,  closely  following  a  pro¬ 
cedure  which  is  more  extensively  discussed  in  [10].  An  inves¬ 
tigation  of  several  different  cases  has  demonstrated  that  the 
quantitative  derails  of  the  resulting  current-voltage  curves  de¬ 
pend  strongly  on  the  physical  parameters  of  the  simulation,  es¬ 
pecially  on  the  density  and  the  trapping  cross  section  of  the  deep 
intraband  traps.  It  is  beyond  the  scope  of  this  work  to  give  a 
detailed  carthography  of  the  multi-dimensional  parameter  space 
of  the  problem,  and  we  will  instead  restrict  ourselves  to  the 
discussion  of  one  simple  deep-level  configuration  which  none¬ 
theless  shows  features  that  are  typical  for  most  types  of  com¬ 
pensated  gallium  arsenide  and  other  semi-insulating  materials. 

Fig.  7  shows  the  I-V  characteristics  of  0.65-mm  switch  as¬ 
suming  the  presence  of  one  dominant  recombination  center  with 
a  density  of  N  =  1017  cm-3,  an  energy  of  0.85  eV  above  the 
valence  band,  and  electron  and  hole  capture  cross  sections  of 
a„  =  2  x  10“ 19  cm:  and  ap  -  5  x  10“17  cm2,  respectively. 
These  values  have  been  chosen  to  match  the  dark  resistance  and 
the  lock-on  voltage  of  the  sample  under  consideration,  using  a 
set  of  simple  analytical  expressions  that  will  be  discussed  in 
[10].  Curve  I  corresponds  to  the  dark  current,  curve  II  to  the 
current  under  electron-beam  irradiation.  A  comparison  of  the 
numerically  obtained  curves  with  the  experimental  results  dis¬ 
played  in  Fig.  4  shows  a  good  agreement  not  just  in  the  values 
of  the  dark  current  at  low  voltages  and  in  the  onset  of  the  lock-on 
regime  (which  is  expected  from  our  assumptions),  but  also  in 
the  shape  of  the  curves.  In  particular,  the  calculations  reproduce 
the  initially  linear  (ohmic)  behavior  of  the  current  both  in  the 
dark  and  in  the  irradiated  state,  and  their  subsequent  steep  in¬ 
crease  of  nearly  six  orders  of  magnitude  above  the  critical  volt¬ 
age  of  200  V .  The  nature  of  this  effect  is  extensively  discussed 
in  [10];  it  is,  according  to  our  model,  essentially  a  result  of  the 
injection  of  electrons  and  holes  through  the  contacts  (double 
injection)  and  the  subsequent  buildup  of  charges  in  the  deep 
levels. 

From  the  assumption  that  the  strong  increase  in  the  current  is 
due  to  trap  filling,  we  can  explain  the  relatively  long  onset  time 
of  the  dark  current  before  it  rises  to  its  final  value.  Initially. 
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Fig.  7.  The  computed  current-voltage  curves  for  a  0.65-mm  GaAs  switch. 
The  assumed  source  function  of  5  =  10'7  era''  ■  s'1  corresponds  to  an 
electron-beam  irradiation  of  20  mA/cnr. 

most  of  the  charge  carriers  that  are  injected  from  the  contacts 
will  become  trapped  in  electron  or  hole  traps  which  have  a  rel¬ 
atively  high  density  in  semi-insulating  gallium  arsenide,  to  the 
effect  that  free  carrier  densities  remain  very  low  during  the  on¬ 
set  time.  It  is  only  after  the  traps  are  completely  filled  that  the 
current  can  rise  to  its  final  value.  The  necessary  time  span  can 
be  considerable  if  only  charges  injected  through  the  contacts  are 
available  to  fill  the  traps.  Under  irradiation  with  the  electron 
beam  or  a  laser,  however,  the  onset  time  will  be  much  shorter 
due  to  the  large  source  function  for  electrons  and  holes  in  the 
bulk  of  the  switch.  More  quantitatives  results  which  are  based 
on  a  transient  simulation  of  ( 1 )— (4)  will  be  published  elsewhere. 

IV.  The  Lock  On  Scenario 

Based  on  the  results  of  the  numerical  calculation  described 
above,  we  can  now  establish  a  scenario  which  explains  the  main 
features  of  the  lock-on  effect.  Consider  the  current- voltage  dia¬ 
gram  in  Fig.  8,  which  shows  schematically  the  three  different 
l-V  curves  discussed  above,  namely  a)  the  transient  dark-cur¬ 
rent  /-Incurve  that  is  valid  during  the  onset  time,  b)  the  steady- 
state  dark  current  which  is  reached  in  the  time  asymptotic  limit, 
c)  and  the  current-voltage  characteristic  of  GaAs  under  elec¬ 
tron-beam  irradiation. 

Let  us  consider  two  switching  experiments  with  the  same  load 
resistor  R.  but  different  initial  voltages  V0,  characterized  by  the 
two  load  lines  I  and  11  in  Fig.  8.  In  the  first  experiment.  ! 
switching  cycle  starts  in  the  highly  resistive  off-state  at  poi  . 
where  the  current  is  low  and  the  voltage  is  very  close  to  the 
voltage  Vm.  Under  irradiation  with  the  electron  beam,  the  switch 
quickly  becomes  ionized  and  the  load  point  moves  to  the  low 
resistivity  regime  bt.  the  on-state  of  the  switch.  After  tum-olf 
of  the  beam,  the  charge  carriers  recombine  and  the  switch  moves 
to  the  point  c,  which  is  identical  with  the  point  a,:  The  switch 
opens  and  does  not  exhibit  a  lock-on  effect. 

Next,  consider  the  load  line  II  with  a  source  voltage  Vou  that 
lies  above  the  critical  value  Vcr.  In  the  initial  off-state,  the  load 
point  is  located  at  a„  on  the  transient  l-V  curve,  the  sample 
hence  carries  a  relatively  small  current.  As  au  is  not  a  steady 
state,  the  load  point  begins  to  move  along  the  load  line  with  a 
time  constant  determined  by  the  trap  filling  process  (dashed 
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Fig.  8.  Schematic  switching  cycles  in  a  load-line  diagram  for  two  different 
applied  voltages.  Cycle  1  shows  no  lock-on  current:  in  cycle  II.  the  current 
locks  on  at  point  c„ . 

line).  According  to  our  argumentation  above  (and  the  experi¬ 
mental  curve  5),  however,  this  temporal  development  is  rather 
slow  and  will  take  a  time  that  is  long  compared  to  the  duration 
of  the  applied  pulse.  The  situation  changes  when  the  switch  is 
irradiated  with  the  electron  beam.  The  load  point  moves  very 
quickly  to  the  on-state  f>„  with  a  high  current  and  a  small  volt¬ 
age  drop,  and,  due  to  the  high  carrier  density  generated  by  the 
e-beam,  the  traps  will  be  filled  very  quickly.  After  the  turn-off 
of  the  beam,  however,  the  load  point  will  not  return  to  the  initial 
low  current  value  a„  but  locks  on  to  a  higher  current  value  c„. 
a  current  which  is  identical  with  the  steady-state  dark  current. 

V.  Discussion 

Our  experimental  and  theoretical  investigations  have  estab¬ 
lished  a  concise  scenario  for  the  lock-on  effect  in  ionization- 
controlled  high-power  semiconductor  switches.  (As  the  basic 
mechanisms  that  lead  to  lock-on  are  obviously  independent  of 
the  actual  physical  source  of  the  ionization,  we  expect  the  de¬ 
scription  to  hold  not  only  for  electron-beam-controlled  switches 
but  also  for  devices  which  are  optically  triggered.)  These  are 
the  essential  features  of  lock-on  that  the  model  can  explain: 

i)  The  phenomenon  appears  only  above  a  certain  threshold 
value  Vcr  of  the  applied  voltage,  below  Vc,  the  switch  recovers 
after  irradiation. 

ii)  The  current-voltage  relation  in  the  lock-on  state  is  char¬ 
acterized  by  a  very  low  differential  resistance,  i.e.,  by  a  voltage 
which  is  virtually  independent  of  the  current. 

iii)  The  iock-on  characteristics  are  independent  of  the  inten¬ 
sity  of  the  initial  electron-beam  (or  laser)  irradiation  as  long  as 
this  intensity  is  sufficient  to  trigger  the  switch  into  the  lock-on 
state  during  the  e-beam  or  laser-pulse  duration. 

iv)  The  numerical  value  of  the  lock-on  voltage  depends  cru¬ 
cially  on  the  impurity  content  of  the  semiconductor  which  var¬ 
ies  considerably  in  different  materials.  In  particular,  semicon¬ 
ductors  with  a  low  intrinsic  impurity  concentration  like  silicon 
are  expected  to  have  a  very  different  threshold  for  lock-on. 

v)  The  lock-on  effect  can  be  suppressed  by  using  blocking 
contacts  which  prevent  carrier  injection  into  the  semiconductor. 
These  contacts  can  be  manufactured  by  growing  highly  doped 
boundary  layers  on  the  surface  to  create  a  p-i-n  structure  for  the 
device. 

It  should  be  emphasized,  however,  that  the  numerical  cal¬ 
culations  which  we  have  used  to  illustrate  our  lock-on  scenario 
are  based  on  a  very  simplified  deep-level  structure.  It  is  there¬ 
fore  not  surprising  that  the  theoretically  obtained  curves  do  not 
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fully  match  the  experimental  data.  Combinations  of  deep  traps 
with  various  concentrations.  energy  levels,  and  cross  sections 
can  introduce  rather  complicated  structures  in  the  current-volt¬ 
age  characteristics  of  semi-insulating  semiconductors.  In  par¬ 
ticular.  preliminary  investigations  into  the  subject  have  shown 
that  doping  of  GaAs  w  ith  impurities  such  as  Cu  can  lead  to  an 
S-shaped  "back-bending"  of  the  /-I'  curves  of  the  material, 
i.e..  a  current-controlled  negative  differential  resistivity  |12], 
This  effect  might  explain  why  some  switching  experiments  with 
semiconductors  that  had  a  high  concentration  of  deep  traps  have 
yielded  hold-off  voltages  that  were  considerably  higher  than  the 
corresponding  lock-on  values  |6|.  Also,  it  should  be  noted  that 
a  negative  differential  resistivity  in  a  material  generally  leads  to 
the  onset  of  current  fi lamentation,  a  phenomenon  which  has  re¬ 
cently  been  related  to  the  lock-on  effect  1 1 1 1. 

What  is  the  practical  importance  of  the  lock-on  effect.’ 
Clearly,  it  must  be  regarded  as  an  unwanted  effect  for  opening 
switches,  as  it  prevents  the  recovery  of  electron-beam  or  opti¬ 
cally  controlled  semiconductor  switches  to  their  initial  dielec¬ 
tric  strength  following  the  application  of  the  irradiation.  How¬ 
ever.  it  is  a  very  desirable  effect  for  closing  switches,  because 
it  allows  the  circuit  to  be  closed  indefinitely  by  using  a  short 
trigger  pulse  (7).  The  possibility  of  influencing  the  current- 
voltage  characteristics  of  semi-insulating  material  through  dop¬ 
ing  with  deep-level  impurities  might  therefore  open  ways  to 
"tailor"  materials  for  particular  applications. 
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Electron-Beam  Controlled  Switching  using  Quartz  and 

Polycrystalline  ZnSe 
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Abstract  —  Results  of  electron-beam  controlled  switching  experiments  with  switch 
samples  of  quartz  crystal  and  polycrystalline  zinc  selenide  (ZnSe)  are  presented.  For 
switch  samples  of  both  materials,  drastic  reductions  of  the  switch  resistance  were  induced 
by  the  electron  beam.  The  quartz  sample  showed  very  fast  temporal  response  (less  than  1 
ns)  with  potential  applicability  for  current  control.  The  ZnSe  samples,  on  the  other  hand, 
showed  longer  current  transients  (on  die  order  of  10  ns)  with  exponential  development  of 
the  switch  resistance  after  the  electron  beam  pulse. 

I.  Introduction 

Electron-beam  controlled  solid  switches  have  very  interesting  potential 
applications  in  pulsed  power  technology  [l]-[7].  For  these  switches,  high  power 
gain  and  fast  response  are  the  major  subjects  of  interest. 

W.  Jiang  is  with  the  Laboratory  of  Beam  Technology,  Nagaoka  University  of  Technology, 
Nagaoka,  Niigata  940-21,  Japan. 

K.  Zinsmeyer,  M.  Less,  and  M.  Kristiansen  are  with  the  Department  of  Electrical  Engineering, 
Pulsed  Power  Laboratory,  Texas  Tech  University,  Lubbock,  TX  79409. 

K.  H.  Schoenbach  is  with  the  Physical  Electronics  Research  Institute,  Old  Dominion  University, 
Norfolk,  VA  23529 


Electron-beam  controlled  switches  are  similar  to  optically  controlled  switches 
which  have  been  developed  for  decades.  The  advantage  of  using  an  electron  beam 
for  switching  control  is  the  high  efficiency  of  source,  compact  switch  arrangement, 
pulse  shaping  and  high  repetition  rate  [5]. 

There  are  basically  two  configurations  of  electron-beam  controlled  switches  [1]. 
In  one  configuration  (A),  the  switch  current  flows  along  the  surface  of  the  switch 
sample  in  the  direction  perpendicular  to  that  of  electron  beam.  In  another 
configuration  (B),  the  switch  current  flows  through  the  sample  in  the  direction 
parallel  to  that  of  electron  beam.  In  the  second  configuration,  there  are  two  modes. 
In  one  mode  (B-l),  free  charge  carriers  are  generated  by  electron  beam  ionization 
only.  In  another  mode  (B-2),  free  charge  carriers  are  generated  by  both  electron 
beam  and  secondary  radiation. 

For  configurations  A  and  B-2,  we  have  selected  polycrystalline  zinc  selenide 
(ZnSr)  as  the  switch  material  mainly  because  of  its  low  steady  state  dark  current. 
Lower  dark  current  is  very  important  to  our  experimental  setup  where,  as  shown 
below,  the  charging  on  the  switch  is  a  DC  voltage. 

For  configuration  B-l,  the  thickness  of  the  switch  must  be  smaller  than  the 
range  of  electrons  in  the  sample.  That  requires  a  high  dielectric  strength  of  the 
switch  material.  We  have  found  that  silicon  dioxide  (SiO?)  has  both  high 
breakdown  field  and  high  possible  power  gain.  In  order  to  show  the  switching 
properties  of  SiC>2,  we  have  used  thin  quartz  crystals  as  our  switch  samples  for 
configuration  B-l.  More  ideal,  specially  designed  Si02  samples  are  presently 
being  manufactured  for  us  by  an  industrial  company. 
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II.  Switch  Samples  and  Experimental  Setup 


The  specification  of  our  switch  samples  are  as  follows: 

Sample  No.  1,  material:  quartz  crystal;  switching  configuration:  B-l;  thickness:  - 
80  pm;  contact:  <J>  3  mm,  thickness  <  1  pm,  Ag. 

Sample  No.  2,  material:  polycrystalline  ZnSe;  switching  configuration:  A;  surface 
gap:  length  2  mm,  width  6  mm;  thickness:  0.9  mm;  contact: 
conducting  epoxy. 

Sample  No.  3,  material:  polycrystalline  ZnSe;  switching  configuration:  B-2; 

thickness:  0.9  mm;  contact:  4  mm  x  2.1  mm,  0.01  pm  Cr  +  0.2 
pm  Au. 

The  quartz  crystals  we  have  used  were  originally  electronic  parts  for  frequency 
control  with  a  characteristic  frequency  of  nearly  100  MHz.  The  ZnSe  samples 
were  obtained  from  II- VI  Inc.,  Saxonburg,  PA. 

The  electron  source  (150  kV,  200  A,  2  ns)  used  in  our  experiments  was  a  very 
compact  electron-beam  generator  (Radan  1502)  made  by  the  Institute  of 
Electrophysics,  Russian  Academy  of  Sciences.  The  divergence  of  the  beam  was 
relatively  large  so  that  the  beam  current  density  changes  with  the  distance  from  the 
output  window.  Figure  1  shows  the  peak  electron-beam  current  density  obtained 
with  a  Faraday  cup  as  a  function  of  distance  from  the  source.  At  each  distance,  the 
cross-sectional  distribution  of  the  electron  current  was  observed  to  be  uniform  over 
the  area  of  a  switch  sample. 
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The  experimental  setup  is  shown  in  Fig.  2  where  Fig.  2(a)  shows  configuration 
A  (sample  No.  2)  and  Fig.  2(b)  shows  configuration  B  (samples  No.  1  and  3).  In 
order  to  obtain  a  fast  current  rise,  the  switch  was  set  on  a  piece  of  50  Q  stripline. 
Connected  with  the  stripline  was  a  3  m,  50  Q,  DC  charged  cable  which  discharges 
when  the  switch  turns  on.  The  current  through  the  switch  was  observed 
downstream  with  a  50  Q  terminated  oscilloscope  (Tektronix  7104, 1  GHz). 

III.  Experimental  Results 

Typical  waveforms  of  the  switch  response  to  the  electron  beam  are  shown  in  Fig. 
3  ((a)  for  sample  No.  1  and  (b)  for  samples  No.  2  and  3).  For  configuration  A, 
since  the  switch  current  density  might  vary  with  the  depth,  we  have  used  the  switch 
current  instead  of  the  current  density.  For  configuration  B,  since  the  electron- 
beam  current  is  uniform  over  the  sample,  we  obtained  switch  current  density  by 
dividing  the  current  with  the  area  of  the  sample.  It  is  seen  from  Fig.  3  that  all 
switch  samples  reacted  very  fast  (within  1  ns)  when  the  electron  beam  was  turned 
on.  However,  after  the  electron  beam  pulse,  the  switch  current  of  each  sample 
decayed  on  different  time  scales.  The  crystal  sample  (sample  No.  1)  turned  off 
almost  simultaneously  with  the  electron  beam.  The  polycrystalline  ZnSc  samples 
(samples  No.  2  and  3),  however,  turned  off  in  times  on  the  order  of  10  ns.  For 
sample  No.  2,  the  current  collapse  at  about  30  ns  after  turning  on  is  clearly  due  to 
the  end  of  the  voltage  pulse. 

Figure  4  shows  the  relation  of  (a)  the  peak  switch  current  density  (or  peak 
switch  current)  and  (b)  maximum  switch  conductance,  versus  peak  electron  current 
density.  The  swatch  conductance  was  obtained  from  the  switch  current  density  (or 
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the  switch  current)  and  the  switch  voltage  which  was  obtained  by  subtracting  twice 
the  voltage  across  the  termination  from  the  charging  voltage.  The  resistance  of  the 
termination  was  confirmed  by  measurement  while  the  impedance  of  the  50  Q 
cables  was  not  confirmed  directly.  The  errors  in  these  impedance  values  may 
induce  error  in  the  switch  conductance,  especially  for  large  switch  current,  since  we 
have  to  calculate  the  difference  between  two  large  numbers  to  get  a  relatively  small 
number  of  the  switch  voltage.  From  fig.  4,  we  see  that,  at  low  beam  current 
density,  the  switch  conductance  rises  nearly  linearly  with  the  beam  current  density. 
When  the  beam  current  density  increases,  however,  the  switch  current  density  (or 
switch  current)  saturates  at  a  value.  This  saturation  might  be  caused  by  the  circuit 
limit  and  the  error  in  calculating  the  switch  voltage.  The  minimum  switch 
resistance  obtained  from  Fig.  4  were  160  Q,  15  Q  and  50  Q  for  samples  No.  1,  2 
and  3,  respectively. 

Figure  5  shows  the  waveforms  of  the  switch  current  density  of  sample  No.  1 
with  the  same  electron  beam  current  (18.8  A/cm2)  but  different  charging  voltages. 
We  see  from  Fig.  5  that  higher  charging  voltages  give  faster  tum-on  response. 
Furthermore,  at  a  voltage  of  1500  V,  the  maximum  switch  current  is  much  lower 
than  that  for  the  other  voltages.  Experimentally,  no  clear  switch  current  was 
observed  at  voltages  below  1000  V. 

Figure  6  shows  the  waveforms  of  the  normalized  switch  current  density  of 
sample  No.3  obtained  with  the  same  charging  voltage  (2000  V)  but  different 
electron-beam  current  density.  All  waveforms  in  Fig.  6  are  normalized  with 
respect  to  the  peak  value  in  order  to  compare  the  shapes.  It  is  seen  from  Fig.  6  that, 
for  different  electron  current  densities,  the  switch  current  decayed  on  different  time 
scales. 
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We  have  tried  to  measure  the  steady  state  dark  current  of  the  switch  samples. 
With  applied  voltages  up  to  3000  V,  however,  no  switch  current  larger  than  0.01 
pA  was  observed  for  any  sample.  This  result  has  shown  that  the  steady  state 
switch  resistance  is  higher  than  3  x  10"  Q.  Therefore,  we  obtain  that  the  switch 
resistance  was  lowered  by  at  least  nine  orders  of  magnitude  for  samples  No.  1  and 
3  and  ten  orders  of  magnitude  for  sample  No.  2. 

IV.  Discussions 

A.  Quartz  (Sample  No.  1) 

With  a  switch  sample  of  quartz  crystal  (sample  No.  1),  the  temporal  response  of 
the  switch  current  to  the  beam  current  shows  that  the  mean  carrier  lifetime  is 
shorter  than  1  ns.  This  result  shows  that  an  electron-beam  controlled  SiC>2  switch 
has  a  very  high  potential  to  be  used  as  a  fast  pulsed  power  switch  and/or 
controllable  high  power  resistor.  From  Fig.  4(a),  we  obtain  that,  with  the  peak 
beam  current  density  ( Jb )  of  3.12  A/cmz,  the  peak  switch  current  density  (Js)  was 
134  A/cm2  which  corresponds  to  a  current  gain  ( JJJb )  of  —  43.  For  beam  current 
densities  below  this  value,  the  current  gain  is  nearly  constant,  which  means  that  the 
switch  current  changes  linearly  with  the  electron  current. 

The  applied  voltage  of  3  kV  is  less  than  5  %  of  the  hold-off  voltage  of  the 
sample  (with  the  dielectric  strength  of  9  MV/cm).  Therefore,  the  current  gain  may 
be  increased  for  tens  of  times  by  increasing  the  voltage  across  the  sample  (by 
raising  the  applied  voltage  or  reducing  other  loads  in  the  circuit).  Then  the  power 
on  the  switch  is  expected  to  be  several  hundreds  of  times  higher  than  the  power  of 
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the  electron  beam.  High  dielectric  strength  and  short  carrier  lifetime  show 
potential  applicability  of  a  Si02  switch  as  a  pulsed  power  amplifier. 

For  Si02  the  bandgap  energy  is  9  eV,  indicating  an  effective  ionization  energy 
of  20  to  25  eV.  Consequently,  photoconductive  Si02  switch  needs  an  X-ray 
source  which  is  usually  inefficient.  With  electron  beam,  however,  it  is  very  easy 
to  generate  electrons  with  enough  energy  to  ionize  Si02. 

B.  Polycrystalline  ZnSe  (Samples  No.  2  and  3) 

With  switch  samples  of  polycrystalline  ZnSe  (samples  No.  2  and  3),  the 
transient  time  of  switch  current  shows  that  the  mean  carrier  life  time  of  ZnSe  is 
relatively  long  (on  the  order  of  10  ns).  This  property  gives  potentially  high  power 
gain  of  a  ZnSe  switch  [5].  The  data  in  Fig.  4(b)  show  that  the  maximum  switch 
conductance  of  ZnSe  does  not  depend  strongly  on  the  charging  voltage. 

For  sample  No.  2,  the  maximum  switch  current  was  about  17  A  which 
corresponds  to  a  surface  current  density  of  28.3  A/cm.  If  we  suppose  an  ionization 
depth  of  0.1  mm,  the  average  current  density  is  2.83  kA/cm2  which  is  much  larger 
than  that  of  sample  No.  3.  However,  it  is  clearly  a  disadvantage  of  sample  No.  2 
that  the  electric  field  is  limited  by  possible  surface  flashover. 

For  sample  No.  3,  the  thickness  of  the  switch  sample  is  obviously  larger  than  the 
mean  electron  range  which  is  on  the  order  of  100  pm.  Therefore,  it  is  clear  that  the 
secondary  radiation  played  an  important  role  in  generating  the  free  charge  carriers. 
The  data  in  Fig.  4  give  a  maximum  current  gain  of  -  59.  The  dielectric  strength  of 
ZnSe  is  about  1  MV/cm,  indicating  an  hold-off  voltage  of  sample  No.  3  of  about 
90  kV.  With  this  voltage  on  the  sample,  the  current  gain  may  be  expected  to 
exceed  five  thousands.  Then  the  power  on  the  switch  may  be  several  thousands  of 


times  higher  than  the  power  of  the  electron  beam.  Furthermore,  we  may  expect 
higher  power  gain  of  the  switch  with  longer  pulse  of  the  electron  beam  than  the 
average  carrier  lifetime  of  ZnSe. 

After  the  electron-beam  pulse,  the  decay  of  the  carrier  density  in  the  switch  is 
described  by  the  following  equation  [6]: 


dn 

~dt 


=  -an2  -  bn 


(1) 


where  a  is  the  coefficient  for  direct  ionization  and  b  is  the  coefficient  for  indirect 
ionization. 

The  development  of  the  switch  resistance  after  the  electron-beam  pulse  for 
sample  No.  3  is  shown  in  Fig.  7  (solid  line),  where  the  data  were  obtained  with  a 
peak  electron-beam  current  density  of  13  A/cm2.  Also  shown  in  Fig.  7,  by  the 
dashed  line,  is  the  curve  of  a  function: 


ln(Z)-^  +  ^/  ,  •  (2) 

with  A0  -  2.85  and  Aj  =  0.14,  where  Z  and  t  are  switch  resistance  and  time, 
respectively.  It  is  seen  from  Fig.  7  that  the  switch  resistance  increases  almost 
exponentially,  which  indicates  that  the  first  term  of  the  right-hand  side  of  eq.  (1)  is 
negligible  compared  with  the  second  term.  Consequently,  the  dominant  carrier 
loss  mechanism  is  indirect  recombination  rather  than  direct  recombination.  If  we 
neglect  other  effects,  the  carrier  density  n  can  be  written  as: 
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where  t'  and  n0  are  time  relative  to  the  end  of  the  electron-beam  pulse  and  the 
carrier  density  at  t'  =  0.  For  Fig.  7,  we  have  obtained  b  =  1.4  x  108,  n0  =  1.2  x  1014 
and  the  efficiency  for  generation  of  carriers  by  secondary  radiation  r)  =  8.3  x  10~* . 
We  have  used  the  carrier  mobility  \i  =  900  cm2/Vs  [8]. 

By  comparing  the  experimental  results  of  ZnSe  and  that  of  GaAs  [3]— [5],  we 
have  found  that  ZnSe  is  advantageous  in  higher  hold-off  voltage,  lower  steady- 
state  dark  current  and  possibly  higher  power  gain. 
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FIGURE  CAPTIONS 


Fig.  1  Peak  electron  current  density  as  a  function  of  distance  from  the  electron 
source. 

Fig.  2  Experimental  setup,  (a)  for  switching  along  the  sample  surface  and  (b)  for 
switching  through  the  sample  material. 

Fig.  3  Typical  waveforms  of  (a)  switch  current  density  of  sample  No.  1  and  (b) 

switch  current  of  sample  No.  2  and  switch  current  density  of  sample  No.  3. 

Fig.  4  Experimental  results  of  peak  switch  current  density  (samples  No.  1  and  3) 
and  peak  switch  current  (sample  No.  2)  versus  peak  electron-beam  current 
density. 

Fig.  5  Calculated  results  of  a)  peak  switch  current  of  sample  No.  2  with  carrier 

mobility  p  =  350  cm2/Vs,  and  b)  peak  switch  current  density  of  sample  No. 
3  with  the  ratio  of  carrier  density  r\  =  n2/m  =  5  x  10'\  compared  with 
experimental  results. 


(b) 


Peak  Electron-Beam  Current  Density  (A/cm2) 


Peak  Switch  Current  (A)  (Sample  No.  2) 
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Abataa 

The  use  of  electron-beams  instead  of  lasers  to 
activate  gallium  arsenide  switches  offers  the  possibility  to 
modulate  the  switch  conductance  on  a  timescale  of 
nanoseconds  through  modulation  of  the  electron  beam 
intensity  and  to  operate  it  at  MHz  repetition  rates.  Other 
advantages  compared  to  lasers  as  activation  sources  are  the 
high  efficiency,  the  relatively  low  cost,  and  the  reliability  of 
electron  beam  guns  and  the  possibility  to  introduce  the 
electron-beam  through  the  metal  contacts  into  the  switch. 
The  thickness  of  the  GaAs  sample,  sandwiched  between  the 
two  contacts,  determines  the  bold-off  voltage  and  switch 
gain.  Doping  of  the  contact  regions  allows  us  to  control  the 
carrier  injection  and,  consequently,  to  reduce  the  dark 
current  through  the  switch  and  increase  the  hold-off 
voltage.  The  p-doped  layer  serves  also  as  an  effective 
cathodoluminescent  emitter.  Experiments  with  semi- 
insulating  GaAs,  with  a  p-tvpe  layer  as  the  electron-beam 
incident  face,  show  that  the  hold-off  voltage  increased  by  a 
factor  of  two  over  switches  without  this  blocking  contact 
and  also  that  the  cathodoluminescence  increased  by  almost 
an  order  of  magnitude. 

Introduction 

The  use  of  electron-beams  instead  of  lasers  to 
activate  gallium  arsenide  switches  offers  the  possibility  to 
modulate  the  switch  conductance  on  a  timescale  of 
nanoseconds  through  modulation  of  the  electron-beam 
intensity,  and  to  operate  it  in  a  burst  mode  at  a  MHz  or 
even  GHz  pulse  rate.  Other  advantages  compared  to  laser 
activation  of  solid  state  switches  are  the  high  efficiency, 
relatively  low  cost,  and  the  reliability  of  electron  guns. 

Also,  it  is  possible  to  introduce  the  electron-beam  through 
the  metallic  contact  and  into  the  switch.  The  use  of  cold 
cathodes  for  the  electron  gun  will  allow  us  to  further 
simplify  the  switch  system. 

An  obstacle  for  the  use  of  electron-beam  activation 
of  solid  state  switches  is  the  small  range  of  electrons  in 
solids.  For  an  electron  energy  of  SOkeV,  for  example,  the 
range  is  on  the  order  of  10pm.  In  a  switch  configuration 
where  the  electron-beam  is  iojected  through  one  of  the 
contacts,  full  activation  of  the  switch  material  requires  the 
use  of  thin  films  with  high  dielectric  strength.  Experiments 
with  diamond  films1  and  silicon  dioxide2  have 
demonstrated  the  validity  of  this  concept  However,  even 
with  these  large  bandgap  materials,  the  voltage  for  this 
mode  of  operation  is  limited  to  several  kilovolts,  la  order 
to  emend  the  concept  of  electron-beam  control  of  solid 
state  switches  to  higher  voltages,  requiring  switches  of 
increased  thickness.  <i  was  proposed  to  utilize  the  electron- 


beam  induced  radiation  (cathodoluminescence)  in  a  direr, 
semiconductor  such  as  GaAs  for  bulk  ionization  of  the 
switch.* 


cjtnodt  •f'oflt 


Fig.  1.  Switch  activated  by  secondary  radiation. 

Figure  1  shows  the  principal  configuration  of  a 
switch  activated  by  secondary  radiation.  It  consists  of  a 
sample  of  direct  semiconductor  material  (semi-insulating 
GaAs)  between  metal  contacts,  and  with  a  p-doped  layer  a*, 
the  side  which  faces  the  electron-beam.  In  the  non- 
activated  state  the  electron  and  hole  density  is  determined 
by  thermal  emission  and  carrier  injection  through  the 
contacts  only.  For  semi-insulating  material  at  voltages 
below  the  so-called  nap-filled-limited  voluge  the 
concentration  of  free  carriers  in  the  bulk  is  very  small,  and 
the  switch  resistance  is  therefore  high.  Under  electron- 
beam  irradiation,  the  incident  demons  are  stopped  within 
a  shallow  layer  at  the  cathode,  the  demon  range,  and  their 
energy  is  utilized  to  about  one  third  for  the  generation  of 
electron-bole  pairs.  In  a  pure  direct  semiconductor  the 
annihilation  of  these  electron-bole  pairs  would  be  through 
radiative  recombination  only.  Semi-insulating 
semiconductors  are  chara<~>rized  by  a  large  concentration 
of  recombination  centers  and  traps.  Here,  direct  radiative 
recombination  is  in  competition  with  the  trapping  and 
recombination  which  occurs  at  the  traps  and  recombination 
centers,  respectively.  The  presence  of  the  p-doped  layer 
ensures  that  most  of  the  demons  recombine  with  shallow 
acceptors,  thus  providing  photons  with  a  quantum  energy 
only  slightly  lower  than  the  bandgap  energy.  These  photons 
which  can  penetrate  deep  into  the  semi-insulating  due  to 
their  relatively  low  quantum  energy,  will  activate  the  bulk 
of  the  switch  through  impuriry  ionization.  This  type  of 
demon-beam  controlled  switch  can  therefore  be 
considered  as  a  pbotoconductive  switch  with  a 


cathodolumioescent  activation  source  of  high  efficiency  (up 
to  30%)  and  tbe  possibility  to  modulate  its  conductance  up 
to  the  MHz  or  even  GHz  range. 

Figure  flLMcril 

for  Electron-Beam  Controlled  Switches 


A  simple  model  of  the  switch  assumes  a  constant 
source  function  for  the  electron-beam  ionization  over  the 
electron  range  and  a  constant  secondary  ionization  in  the 
bulk  of  the  semiconductor.  Ail  of  the  radiation  is  assumed 
to  be  absorbed  in  tbe  semiconductor.  The  efficiency  of  the 
luminescence  generation  is  described  by  a  constant  It^ 
Based  on  these  assumptions  it  is  possible  to  define  a 
number  of  merit  for  the  switch,  the  ratio  of  the  switched 
power  to  the  control  power,  Q:4 


Q 


(1) 


where  e  is  the  electron  charge,  u  is  the  carrier  mobility,  t  is 
the  mean  carrier  lifetime,  Va  is  the  applied  voltage,  L  is  the 
depth  of  the  switch,  and  is  the  effective  ionization 
energy.  This  equation  holds  when  the  switch  resistance  in 
the  on-state  is  very  small  compared  to  a  load  resistance. 

In  order  to  optimize  the  switch,  i.e.  to  operate  it  at 
high  Q,  the  switch  material  needs  to  have  a  high  mobility, 
and  a  low  ionization  energy.  A  long  carrier  lifetime  also 
gives  a  high  Q,  however,  since  the  carrier  lifetime  also 
determines  the  temporal  response  of  tbe  switch  it  may  be 
necessary  to  choose  materials  with  short  carrier  lifetimes, 
depending  on  the  application.  The  various  aspects  on 
material  selection  are  discussed  in  more  detail  in  reference 
4.  Semi-insulating  gallium  arsenide  with  its  high  electron 
mobility,  relatively  low  ionization  energy,  and  carrier 
lifetime  on  the  order  of  nanoseconds  is  a  good  candidate 
for  electron-beam  controlled  switch  material.  Even  more 
important  is  the  fan  that  GaAs  is  a  direct  semiconductor 
with  consequently  high  quantum  efficiency,  which  can 
be  enhanced  by  p-doping  of  the  catbodoluminescent  layer. 

A  very  important  switch  parameter  is  the  maximum 
applicable  voltage,  the  hold-off  voltage  Vr  Due  to  carrier 
injection  and  trap  filling  this  voltage  cannot  be  assumed  to 
be  the  product  of  dielectric  strength,  E«,  and  the  switch 
length,  L.  It  is  a  complex  function  of  the  type  of  deep 
traps,  tbe  trap  densities,  the  trap  activation  energies,  and 
the  switch  dimensions.*  Because  of  the  effects  of  traps  on 
tbe  hold-off  voltage  it  is  possible  to  influence  it  by 
controlling  the  trapfilling  through  control  of  tbe  carrier 
injection  through  the  contacts.  Using  blocking  contacts 
(reverse  biased  junctions)  it  seems  to  be  possible  to  obtain 
higher  values  for  the  bold-off  voltage  compared  to  switch 
systems  with  injecting  contacts. 

In  order  to  optimize  the  electron-beam  controlled 
GaAs  switch  with  respect  to  hold-off  voltage,  we  have 
studied  both  experimentally  and  theoretically  the  dark 
current  characteristics  of  semi-insulating  GaAs  of  2mm  and 
3mm  lengths.  These  samples  have  a  p*  epitaxial  layer 
grown  to  3pm  with  2 n.  This  p-doped  layer  serves  both  as  a 
cathodoluminescent  layer,  and  as  a  blocking  contact  for 
electrons.  The  cathodoluminescent  yield  and  the 
absorption  of  the  secondary  radiation  in  the  btuk  of  the 
semiconductor  was  srudied  for  electron-beam  pulse 
durations  of  15 pS  and  current  densities  on  the  order  of 
20mA /cm1. 


Current-Voltage  Characteristics 
of  GaAs  Switches 


Modeling  Rer.lis 

A  drift-diffusion  model  was  used  to  compute  the 
current-voltage  characteristics  of  the  semi-insulating  GaAs 
switches  of  various  thicknesses.  The  model  is  described  ir. 
reference  5.  Two  types  of  impurities  or  defects  were 
assumed;  EL2,  a  deep  donor  with  a  concentration  of  1-1011 
cm'*,  and  HL10,  a  shallow  acceptor  (possibly  cause  by 
carbon)  with  a  concentration  of  8-10“  cm'J  which  serves  to 
compensate  the  donors.  The  data  were  obtained  from 
experimental  srudies  on  semi-insulating  GaAs  (reference  3; 
Tbe  results  of  tbe  calculation  are  shown  in  figure  2  for 
samples  varying  in  thickness  from  imm  to  10mm. 


Fig.  2.  Modeling  results  for  semi-insulating  GaAs. 

At  voltages  below  the  so  called  trap-filled-timited 
voltage  the  current-voltage  characteristics  are  ohmic,  with 
the  resistance  determined  (in  this  case)  by  electron  capture 
in  deep  traps.  Once  the  traps  are  filled,  the  current  rises 
dramatically  with  voltage.  A  region  of  negative  different!!. 
conductance  at  higher  currents  is  caused  by  the  formation 
of  an  electron-bole  plasma  due  to  filling  of  hole  traps 
(double  injection).  At  higher  currents  tbe  current  varies 
quadratically  with  voltage.  In  this  region  direct  electron- 
bole  recombination  is  the  dominant  loss  mechanism.  The 
trap'filled-limited  voltage  increases  stronger  than  linear  a; 
«m;i  thicknesses  (d  <  1mm).  It  becomes  linearly 
dependent  on  tbe  thickness  above  1mm. 

Experimental  Results 

Tbe  current-voltage  characteristics  of  two  GaAs 
samples,  2rrm  and  5mm  thick,  were  measured  over  a 
voltage  range  from  0.1V  to  6kV.  Both  samples  have  a  !a;  ;• 
which  is  doped  with  Z n,  a  shallow  acceptor,  on  one  side. 

By  forward  biasing  the  resulting  junction  it  acts  as  a  hole 
emitter,  reverse  biasing  prevents  electrons  from  being 
injected  into  the  bulk  of  the  semiconductor.  In  order  to 
avoid  beating  of  the  samples  DC  measurements  were 
performed  only  with  applied  voltages  less  than  100V.  At 
higher  voltages  the  voltage  was  applied  in  a  pulsed  mode. 
The  range  from  50V  to  2kV  was  covered  by  a  Velonex 
pulser  with  voltage  pulses  of  150ns  duration.  For  higher 
voltages  a  pulse  forming  network,  switched  with  a  thyratrer. 
provided  a  30|is  long  pulse. 


Pig.  3  Measured  current-voltage  characteristics 

of  a  2mm  GaAs  switch. 

The  current-voltage  characteristics  for  forward  and 
reversed  biased  2mm  thick  GaAs  switches  are  shown  in 
Figure  3.  The  current  for  the  reversed  biased  case  is 
generally  lower  than  half  of  that  in  the  forward  biased 
mode.  In  both  cases  a  region  of  negative  differential 
conductance  is  observed  at  voltages  which  correspond  to 
average  electric  Gelds  of  3kV/cm.  The  current  increases 
again  above  a  voltage  of  1.2kV  both  forward  and  reverse 
biased  but  with  quite  different  slopes.  This  is  shown  oo  a 
linear  scale  in  Ggure  4.  In  this  voltage  range  the  effect  of 
non-injecting  contacts  on  the  leakage  current,  and 
consequently  the  maximum  tolerable  voltage  is  clearly 
visible.  The  maximum  bold-off  voltage  of  a  2mm  GaAs 
sample  with  a  reverse  biased  p-i  junction  was  found  to  be 
llkV.  At  this  voltage  the  sample  must  be  submerged  in  oil 
to  avoid  surface  Qashover.  These  and  earlier  experiments* 
show  clearly  that  the  use  of  reverse  biased  junctions  allow 
us  to  extend  the  voltage  range  of  the  switch  by  more  than  a 
factor  of  two  compared  to  forward  biased  junctions  or 
simple  photoconductive  switches  with  ohmic  contacts. 


Fig.  4.  High-voltage  characteristics  of  2mm  GaAs  switch. 

A  second  sample  with  5mm  thickness  was  tested  in 
the  same  way  as  the  2mm  sample.  The  current-voltage 
characteristics  were  similar  to  the  ones  obtained  with  the 
2mm  sample,  however,  they  were  shifted  lo  about  two  or 
three  times  the  voltage.  In  the  mm  range  the  DC  cunent- 


voltage  characteristics  and  consequently  the  hold-off  voltage 
of  the  switch  seems  to  depend  linearly  on  the  switch 
thickness.  Toward  smaller  dimensions  (below  1mm)  the 
dependence  of  the  hold-off  voltage  on  thickness  becomes 
strongly  nonlinear.  Measurements  with  0.64mm  thick  GaAs 
samples  gave  hold-off  voltages  below  400V  instead  of  the 
expected  three  to  four  kV.  This  is  possibly  due  to  the 
stronger  influence  of  space  charge  limited  cunent  which  for 
s.ngle  carrier  injection  scales  with  the  inverse  cube  of  the 
thickness. 

Cathodolumincscence 
of  Urdoped  and  P-doped  GaAs 

The  relative  cathodoluminescent  yield,  an  important 
parameter  for  an  electron-beam  controlled  switch  with 
secondary  optica]  excitation  was  measured  by  recording  the 
electron-beam  induced  light  transmitted  through  the 
sample.  A  typical  light  pulse  (compared  to  the  electron- 
beam  diode  voltage)  is  shown  in  Ggure  S  for  a  2mm  sample 
with  a  p-doped  layer  facing  the  electron-beam.  The 
temporal  development  of  the  light  emission  clearly  follows 
the  shape  of  the  electron-beam  voltage  pulse.  The  intensity 
of  the  transmitted  light  depends  on  the  electron-beam 
energy  as  shown  in  Ggure  6.  No  measurements  were  made 
with  electron  energy  below  50keV.  For  higher  values  of 
electron-beam  voltage  the  light  output  increases  linearly 
with  voltage. 


Fig.  5.  Light  output  of  2mm  GaAs  switch  with  p-layer 
with  peak  electron  energy  of  140keV. 


Fig.  6.  Light  output  vs.  electron  energy  of  2mm  GaAs  with 
one  point  taken  with  .5mm  semi-insulating  GaAs 


When  the  electron-beam  irradiates  tbe  undoped  face 
of  the  2mm  sample,  the  intensity  of  the  transmitted  light  is 
lower  by  about  an  order  of  magnitude  compared  to  that 
emitted  from  tbe  electron-beam  irradiated  p-doped  layer 
(Fig.  6).  It  is  also  higher  than  that  emitted  through  an 
electron-beam  activated,  0.5mm  thick  undoped  GaAs 
sample.  These  results  support  our  hypothesis  that  the 
presence  of  a  p-doped  layer  on  the  electron-beam 
irradiated  face  of  the  GaAs  switch  has  a  strong  impart  on 
the  efficiency  of  luminescence  generation. 

Switching  Test 

The  switching  characteristic  of  a  GaAs  bulk  switch 
controlled  with  a  low  energy  electron  beam  (less  than 
50keV)  was  studied  at  Integrated  Applied  Physics,  Inc.  The 
switch  unit  bad  a  built-in  hot-cathode  electron-beam  source 
and  a  GaAs  bulk  switch  in  a  hermetically  sealed,  high- 
vacuum  package.  Tbe  electron  gun  in  the  EBCSS  unit  was 
designed  to  provide  an  electron  beam  with  an  energy  of 
25-50keV,  a  current  density  of  a  few  A/cmJ  and  a  pulse 
width  of  500  nsec  The  GaAs  bulk  switch  was  an  LEC 
grown  semi-insulating  wafer  with  a  thickness  of  2  mm,  a 
diameter  of  2  inches  and  a  resistivity  of  2-107  Q-cm. 

To  study  tbe  closing  and  opening  behavior,  the 
EBCSS  unit  was  tested  in  a  pulse  forming  network  (PFN) 
with  a  matched  load  to  generate  1-psec  voltage  pulses.  Tbe 
switch  current  profile  followed  that  of  the  electron-beam 
pulse,  demonstrating  tbe  closing  and  opening  capabilities  of 
the  EBCSS.  The  voltage  across  the  EBCSS  dropped  from  a 
pulsed  bias  voltage  of  250  V  to  a  forward  voltage  drop  of 
-50  V.  The  peak  current  density  in  the  conduction  phase 
was  -  9  A/cm 1  and  the  switch  resistance  was  7.6  Q.  Power 
dissipated  in  the  switch  was  325  W  which  is  approximately 
20%  of  the  total  energy  switched.  Switching  threshold  was 
observed  at  electron-beam  energy  of  about  30keV.  To 
study  tbe  peak  current  capability,  the  EBCSS  module  was 
tested  in  a  capacitor  discharge  circuit  with  a  10-nF 
capacitor  charged  to  1.5  kV.  An  electron-beam  with  an 
energy  of  45  keV  and  a  beam  current  density  of  5  A/an1 
was  able  to  switch  a  peak  cuiTem  of  62  A  (a  current  density 
of  80  A/cm1).  The  current  pulse  width  was  -  500  nsec 
demonstrating  tbe  closing  capability  of  the  switch. 

Table  1  summarizes  the  switching  results  of  the 
EBCSS.  In  summary,  when  switched  with  a  45-keV,  4- 
A/cm5  electron  beam,  the  switch  unit  exhibited  a  forward 
drop  voltage  of  -50  V  in  a  PFN -circuit,  and  a  peak  current 
density  of  -80  A/cm1  with  an  opening  time  of  -250  nsec 
in  a  capacitor  discharge  circuit. 

Table  1.  Summary  of  EBCSS  switching  results. 


Summary 

The  use  of  a  shallow  p-doped  layer  on  the  electron 
beam  irradiated  face  of  an  electron-beam  com/olled  GaAs 
switch  was  shown  to  improve  the  gain  of  the  switch.  Q. 
dramatically.  First,  the  junction  of  the  p-laver  w-.ih  the 
intrinsic  material  prevents  injection  of  electrons  into  the 
intrinsic  region  when  reverse  biased  This  prevent. or.  cf 
double  injection  allows  us  two  cpply  a  factor  of  mo  tvchc: 
voltages  than  with  samples  having  just  ohmic  contacts. 
Because  of  the  quadratic  dependence  of  the  gain  on  the 
hold-off  field  this  amounts  to  a  factor  of  four  increase  in 
gain.  Secondly,  the  increased  cathodolurtunescence  of  p- 
doped  GaAs  promises  to  give  an  order  of  magnitude 
improvement  in  the  switch  gain.  Additionally,  using  p- 
doped  layers  suppresses  tbe  lock-on  effea  for  voltages  up 
to  twice  tbe  usual  lock-on  field.  This  has  been 
experimentally  verified  for  0.5mro  thick  samples.  The  use 
of  low  energy  elecuon-beams  for  these  kind  of  switches,  as 
discussed  in  the  previous  section,  promises  to  make  these 
devices  easily  controllable  closing  and  opening  switches  for 
high  repetition  rate  pulse  power  applications. 
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Thickness  02  cm 

Conducting  area  diam.  1  cm 

E-beam  voltage  45  kV 

E-beam  current  density  4  A/cnr 

E-beam  pulse  width  500  nsec 

Capacitor  discharge  circuit 

Voltage  1.5  kV 

Current  62  A 

Current  density  80  A/cm1 

PFN  circuit 

Dissipation  20  % 

Forward  drop  50  V 

Closing/opening  time  250  nsec 


ELECTRON-BEAM  CONTROLLED  SWITCHING  USING  QUARTZ 
AND  POLYCRYSTALLINE  ZnSe 

W.  Jiang 

Laboratory  of  Beam  Technology,  Nagaoka  University  of  Technology, 
Nagaoka,  Niigata  940-21,  Japan 

K.  Zinsmeyer,  M.  Less,  and  M.  Kristiansen 
Department  of  Electrical  Engineering,  Pulsed  Power  Laboratory, 
Texas  Tech  University,  Lubbock.  TX  79409 

K.H.  Schoenbach, 

Physical  Electronics  Research  Institute 
Old  Dominion  University,  Norfolk,  VA  23529 


Results  of  electron-beam  controlled  switching  experiments  with  switch  samples  of  quartz 
crystal  and  polycrystalline  zinc  selenide  (ZnSe)  are  presented.  For  switch  samples  of  both 
materials,  drastic  reductions  of  the  switch  resistance  were  induced  by  the  electron  beam. 
The  quartz  sample  has  showed  very  fast  temporal  response  (less  than  1  ns)  with  potential 
applicability  for  current  control.  The  ZnSe  samples,  on  the  other  hand,  showed  longer 
current  transients  (on  the  order  of  10  ns)  with  exponential  development  of  the  switch 
resistance  after  the  electron  beam  pulse. 

Electron  beam  controlled  solid  switches  have  very  interesting  potential  applications  in  pulsed 
power  technology.  For  these  switches,  high  power  gain  and  fast  response  are  the  major 
subjects  of  interest. 

There  are  basically  two  configurations  of  electron-beam  controlled  switches.  In  one  configu¬ 
ration  (A),  the  switch  current  flows  along  the  surface  of  the  switch  sample  in  the  direction 
perpendicular  to  that  of  electron  beam.  In  another  configuration  (B),  the  switch  current  flows 
through  the  sample  in  the  direction  parallel  to  that  of  electron  beam.  In  the  second  configu¬ 
ration.  there  are  two  modes.  In  one  mode  (B-1),  free  charge  earners  are  generated  by  both 
electron  beam  and  secondary  radiation. 

For  configurations  A  and  B-2,  we  have  selected  polycrystalline  zinc  selenide  (ZnSe) 
as  the  switch  material  mainly  because  of  its  low  steady  state  dark  current.  Lower  dark  cur 
rent  is  very  important  to  our  experimental  setup  where  the  charging  on  the  switch  is  a  DC 
voltage. 


For  configuration  B-1 ,  the  thickness  of  the  switch  must  be  smaller  than  the  range  of 
electrons  in  the  sample.  That  requires  a  high  dielectric  strength  of  the  switch  material.  We 
have  found  that  silicon  dioxide  (Si02)  has  both  high  breakdown  field  and  high  possible 
power  gain.  In  order  to  show  the  switching  properties  of  SiC>2.  we  have  used  thin  quartz 
crystals  as  our  switch  samples  for  configuration  B-1 .  More  ideal,  specially  designed,  SiC>2 
samples  are  presently  being  manufactured  for  us  by  an  industrial  company. 
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Absltacl 


Results  of  clecIton-lKani  controlled  switching  experiments  with 
switch  samples  of  quaitz  crystal  and  polycrystallinc  zinc  sclcuidc 
(ZnSe)  ate  presented.  Switching  characteristics  of  these  materials 
were  analyzed.  The  results  showed  that  IhiIIi  materials  arc  very 
attractive  for  applications  in  clcctron-lrcam  controlled  solid 
switches. 


Iiilroiluclion 


Llcclion  beam  controlled  solid  switches  have  very  interesting 
potential  applications  in  pulsed  power  technology  |l|-|5|.  For 
lltcsc  switches,  high  power  gain  and  fast  rcs|Minsc  arc  the  major 
subjects  of  interest. 

Under  the  irradiation  of  an  election  beam,  the  switch  sample 
might  lie  ionized  through  either  direct  ionization  by  the  energetic 
electrons  or  secondary  ionization  by  the  cathodnlumincsccncc 
radiation  |l|.  For  materials  with  small  quantum  efficiency,  direct 
ionization  is  the  only  source  of  free  charge  carriers,  lienee  the 
thickness  of  the  sample  must  Ik  smaller  than  the  range  of  the 
electrons.  'litis  requires  high  dielectric  strength  of  the  switch 
material.  Diamond  |6)  and  Si02  are  considered  to  be  suitable  for 
this  application.  On  the  other  hand,  for  materials  with  high 
quantum  efficiency,  the  switching  voltage  may  Ik  raised  by 
increasing  the  thickness  of  the  switch  samples  without  reduction  in 
switch  current,  since  the  secondary  radiation  generates  carriers  in 
the  region  where  beam  electrons  can  not  reach.  GaAs  and  ZnSe 
|7|  arc  piumising  materials  for  switches  operating  with  indirect 
ionization. 

In  order  to  show  the  switching  properties  of  SiU2  and  ZnSe,  we 
have  used  thin  quartz  crystals  and  polycrystallinc  ZnSe  ns  our 
switch  samples  for  clectron-lKam  controlled  switching  experiments. 

Switch  Samples  and  Experimental  Setup 

The  quartz  samples  we  have  used  were  originally  electronic 
parts  for  frequency  control  with  a  characteristic  frequency  of  nearly 
I  (JO  MHz.  'lire  sample  is  nearly  80  yin  in  thickness,  with  silver 
coaling  of  1  u.  m  in  thickness  and  3  mm  in  diameter  on  Itotli  sides. 

TIk  ZnSe  samples  were  obtained  from  11  -  IV  Inc.,  Saxonburg. 
PA.  Die  sample  is  0.9  mm  in  thickness,  with  coating  (0.01  u  m 
Cr+0.2  u  m  An)  in  size  of  4  mm  x  2.1  nun. 

The  experimental  setup  is  sliown  in  Fig.  t.  In  order  to  obtain  a 
fast  current  rise,  the  switch  was  set  on  a  piece  of  50  Q  striplinc. 
Connected  with  the  striplinc  was  a  3  m,  50  ,  DC  charged  cable 

which  discharges  when  the  switch  turns  on.  llic  current  through 
the  switch  was  observed  downstream  with  a  50  &  terminated 
oscilloscope  (Tektronix  7104,  1  GHz).  The  charging  voltage  was  3 
kV  for  quartz  and  2  kV  for  ZnSe. 

The  electron  source  (150  kV.  200  A,  2  ns)  used  in  our 
experiments  was  a  very  compact  electron  beam  generator  (Radan 
1502)  made  by  the  Institute  of  Electrophysics,  Russian  Academy  of 
Sciences.  Ikcausc  of  the  divergence  of  IIk  beam,  the  beam  current 


density  at  the  surface  of  the  switch  sample  can  Ik  adjusted  from  0.2 
to  20  A/cni;.  with  the  distance  from  the  output  window. 

experimental  Results 


Typical  waveforms  of  the  clcclron-bcain  current  density  (A) 
and  switch  current  density  ( J ,)  are  shown  in  Fig.  2.  It  is  seen  from 
Fig.  2  that  both  samples  reacted  very  fast  (within  1  ns)  when  the 


Fig.  2  Typical  waveforms  of  electron-beam 
current  density  (A)  and  switch  current 
density  ( J ,)  of  troth  samples. 
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Fig.  3  Peak  switch  conductance  per  unit  area  ((7)  versus 
peak  clcction-bcam  current  density  (J^). 


Fig.  4  Calculated  results  of  it  r  .  with  data 
shown  in  Fig.  3,  for  quartz. 


electron  beam  was  turned  on.  However,  after  the  electron  beam 
pulse,  the  switch  current  of  each  sample  decayed  on  different  time 
scales.  Tire  crystal  sample  turned  off  almost  simultaneously  with 
lire  electron  (ream,  lire  ZnSc  sample,  however,  turned  off  in  times 
on  the  older  of  10  ns. 

Figure  3  shows  the  relation  of  maximum  switch  conductance  |>cr 
unit  area  ((7)  versus  peak  electron  current  density  (Jbp).  G  was 
obtained  from  the  switch  current  density  and  the  switch  voltage 
which  was  obtained  by  subtracting  twice  the  voltage  across  the 
termination  from  the  charging  voltage. 

We  have  tried  to  measure  the  steady  state  dark  current  of  the 
switch  samples.  With  applied  voltages  up  to  3  kV,  however,  no 
switch  current  larger  than  0.01  /i  A  was  observed  for  any  sample, 
litis  result  has  shown  that  the  steady  slate  switch  resistance  is 
higher  than  3  x  IU"Q. 

Discussions 

A.  Until  fz 

For  directly  ionized  switches,  under  sternly  stale  conditions,  the 
conductance  per  unit  area  is  given  by  |5|: 

G=eu  r Pb/UimJL2)  .  (1) 

where  u  is  the  carrier  mobility,  P h  is  the  electron-beam  power 
density,  r  is  the  carrier  lifetime,  f  is  the  effective  ionization 
energy  and  L  is  the  switch  thickness.  For  /’*,  we  have  only 
informations  about  the  beam  current  ami  the  peak  electron  energy 
(150  kcV).  Instead  of  assuming  that  all  electrons  have  the  same 
energy,  we  have  assumed  that  the  e-lrcam  diode  has  a  constant 
impedance.  This  assumption  underestimates  the  beam  power  at  the 
earlier  stage  since  the  dynamic  impedance  of  an  c-bcam  diode 
usually  drops  in  time. 

With  Eq.  (I),  it  z  of  quartz  was  calculated  with  G  shown  in  Fig. 
3  and  the  results  arc  shown  in  Fig.  4,  where  we  have  used  f  =  25 
eV.  We  see  from  Fig.  4  that  the  effective  u  r  obtained  ftont  the 
experimental  results  changes  with  Ore  clcctron-bcam  current  density  and 
the  maximum  value  is  about  0.23  ns  cinVVs.  Assuming  Ihc  carrier 
mobility  u.  of  20  cmVVs,  we  obtained  the  carrier  lifetime  r  of  11.5  ps. 
With  llte  maximum  value  of  u  r,  we  also  obtained  the  maximum  power 
gain  of  the  quartz  switch,  whitch  is  given  by  e  u  r  E/I  f  and  the 
result  is  745  with  an  E*  dielectric  strength)  of  V  MV/cm.  High 
power  gain  and  short  carrier  lifetime  show  the  potential 
applicability  of  a  quartz  switch  as  a  pulsed  power  umpliricr. 


U.  rulycrystalliite  ZttSe 

We  considered  Ihc  ZnSc  sample  in  two  regions,  I)  dircc 
ionization  region  and  2)  indirect  ionization  region,  and  assunv 
uniform  distribution  in  each  region.  Tire  rate  equations  for  tlr< 
electron  densities  arc  |7|: 

tlnjdl  =  S,  -  an,1  -  bn,  ,  r  =  1,2  (Z 

where  »t„  S„  a  and  I)  arc  currier  density,  source  function,  direr 
recombination  coefficient  and  trapping  coefficient,  respectively.  A 
is  due  to  direct  ionization  by  beam  electrons  and  is  given  by: 

S,  =  /V(£~Et).  (3) 

where  Li  is  the  range  of  electron  in  ZnSc.  In  order  to  calculate  3 
we  ttssuinc  that  carriers  in  region  2  arc  generated  by  radiation  tin 
to  recombination  in  region  1.  Then  5i  is  proportional  to  Ih 
recombination  rate  in  region  l : 

.Vj  =  T\  (aii\l  +  bill)  ,  (  l 

where  ii  is  the  efficiency  of  carrier  generation  in  region  2  b 
recombination  in  region  1.  We  solved  Eqs.  (2)-(4)  numerically  h 
fitting  Hie  switch  current  density,  which  conrrcsponds  to  ij,  wit 
that  obtained  experimentally  to  calculate  a,  b  and  rj  .  Figure 
shows  the  waveforms  of  the  calculated  switch  current  densi; 
(daslrcd  line)  obtained  with  a  =  2x  W~* cm3/ s,  b  =  9x  ID7 Is  and  . 
=  1 .8  x  ID'1,  and  the  experimental  switch  current  density  (solid 


Fig.  5  Waveforms  of  switch  current  density  obtained  from 
experiment  (solid  line)  and  from  calculation  (dashed  line) 
with  a  =  2 x  l()'‘cmVs,  b  =  9x  H)7 Is  and  j]  =1.8x111°. 
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line)  obtained  with  a  peak  election-beam  cuncni  density  of  13.17 
A/cm2.  In  the  calculation,  we  have  used  f ...  =  7  cV,  L\  =  0.2  min, 
and  u  =  9(KI  cni2/Vs  |8|.  VVe  also  used  (lie  exftcriniciitally 
obtained  electron-beam  current  density  ami  assumed  constant 
lieani-diodc  impedance.  'Hie  lime  step  for  solving  the  rale 
equations  was  1  ps.  In  Fig.5.  the  difference  lictwccn  the  calculated 
curve  ami  the  experimental  curve  at  the  earlier  stage  might  lie 
caused  bv  undcicstimation  of  the  Ircam  |Hiwcr  due  to  the 
assumption  of  constant  beam-diode  impedance. 

With  the  same  values  of  a.  li  and  n  .  we  have  calculated  the 
dcpcndancc  of  the  peak  switch  current  density  (./,,)  on  the  peak 
electron-beam  current  density  ( J* r).  The  calculated  results  arc 
compared  with  the  experimental  results  in  Fig.  6. 

For  electron  beam  with  the  pulse  width  lunger  (hail  the  average 
carrier  lifetime,  we  calculated  the  steady  stale  carrier  density.  With 
dn,ldl  =  0  and  tinjdl  =  0,  we  have: 
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niti2  +  blit  -  r]  ,V|  =  0  ,  (5) 

and  (lien  its  solution: 

ill  -  {(b2  +  4u  n  5 1 ) 1/2  -  bylt!  .  f(i) 

If  b2  »  4d  n  S |,  i.c.,  Jy,  «  0.08  A/cm2  for  an  electron  energy  of 
150  keV,  Eq.  (6)  ticcomc  n2  =  n  St/b.  Then  the  maximum  power 
gain  of  the  switch  Q=  u  rj  cE/diyh  =  1.16  x  10*,  with  Ej  = 

1MV  and  tl  -  0.9  mm. 
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ABSTRACT 

The  influence  of  contacts  on  the  dark  current,  and  the  gain  and  recovery  behaviour  of  0.64  mm  thick 
electron-beam  controlled  gallium  arsenide  switches  was  studied  experimentally.  With  non-injecting  contacts  the 
hold-off  voltage  for  pulsed  voltage  application  was  found  to  be  higher  by  more  than  a  factor  of  four  compared  to 
systems  with  injecting  contacts.  Also  the  threshold  voltage  for  cunent  lock-on  after  switch  opening  could  be 
increased  by  at  least  a  factor  of  three  by  using  non-injecting  contacts.  The  maximum  applied  voltage  to  the  system 
with  non-injecting  contacts  was  limited  by  surface  flashover.  By  doping  the  electron-beam  irradiated  face  of  the 
switch  with  zinc  it  was  possible  to  increase  the  switch  gain  by  a  factor  of  3.5  over  systems  with  only  metal  contacts. 
Optimization  of  the  Zn -doped  layer  with  respect  to  thickness  and  concentration  should  allow  us  to  increase  the  switch 
gain  further  up  to  a  value  of  about  thirty.  The  experimental  results  are  in  accordance  with  results  of  a  model  which 
explains  the  lock -on  effect  as  the  development  of  a  permanent  current  due  to  double  injection  at  voltages  above  the 
trap-fllled-limited  voltage  in  semi-insulating  semiconductors. 
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INTRODUCTION 


Photoconductive  switches  with  their  inherent  jitterfree  response  and  high  switching  speed  are  increasingly 
applied  in  laser  controlled  ultra  wide  band  radar  and  high  power  microwave  systems  [1].  Less  common  is  the  use 
of  electron-beams  as  control  sources  fo>  bulk  semiconductor  switches,  although  there  are  some  distinct  advantages 
of  electronic  ionization  versus  optical  ionization  [2],  [3].  Elecuon-beam  generators  are  generally  less  expensive  and 
have  a  higher  wall-plug  efficiency  than  lasers.  High  speed  operation  in  the  subnanosecond  range  is  possible  [4], 
The  use  of  electron-beams  as  drivers  for  semiconductor  switches  allows  the  generation  of  pulse  trains  with  variable 
duty  cycles  or  pulse  shapes.  Finally,  any  semiconductor  or  insulator,  independent  of  the  bandgap  can  be  switched 
with  the  same  high  energy  electron-beam. 

Presently,  the  most  common  switch  material  for  pulsed  power  applications  is  semi-insulating  gallium 
arsenide  (SI-GaAs)  because  of  its  high  dark  resistance  and  fast  recombination  (compared  to  silicon).  However,  for 
this  material  the  current  response  of  the  switch  to  optical  or  electron-beam  activation  is  linear  only  at  low  applied 
field  strengths.  Above  a  certain  voltage,  corresponding  to  mean  electric  fields  in  the  range  of  several  kV/cm  to 
several  ten's  of  kV/cm,  depending  on  the  defect  and  impurity  concentration  of  SI-GaAs.  nonlinear  effects  were 
observed,  such  as  the  so-called  lock -on  effect  (5]  and  current  filamentation  [6],  [7],  [8].  The  term  lock -on  describes 
the  fact  that  a  permanent  current  "locks  on’  to  the  photocurrent  which  is  generated  by  the  laser  or  electron-beam. 
For  low  intensities  of  the  activation  source  or  applied  voltages  just  barely  above  the  threshold  for  lock-on  the 
transition  into  the  permanent  current  state  can  be  delayed  by  nanoseconds  [7]  to  milliseconds  [9]  with  respect  to  the 
activation  pulse. 

Whereas  this  effect  is  desirable  for  closing  switches  because  of  the  low  optical  or  electron-beam  energy 
required  to  switch  into  the  conductive  state,  it  is  certainly  undesirable  for  systems  which  require  operation  in  the 
linear  mode.  These  include  systems  where  the  optical  source  or  the  electron-beam  is  used  to  modulate  the 
conductance  of  the  switch,  and  any  system  where  the  optically  or  electron-beam  controlled  semiconductor  switch 
is  to  be  used  as  an  opening  switch.  Besides  the  inability  to  recover  to  their  initial  state,  GaAs  switches  operated  in 
the  lock-on  mode  seem  to  be  limited  in  lifetime  due  to  the  development  of  current  filaments. 
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Various  attempts  have  been  made  to  explain  the  physics  of  these  nonlinear  effects,  [10],  [1 1],  [12]  which 
have  been  observed  not  just  in  gallium  arsenide,  but  also  in  indium  phosphide  (InP),  (13}  zinc  selenide  (ZnSe)  and 
diamond  [14].  The  occurance  in  diamond,  which  is  an  indirect  semiconductor  and  does  not  exhibit  a  range  of 
negative  differential  mobility,  proves  that  neither  optical  transport  (reabsorption  of  recombination  radiation)  nor  the 
formation  of  Gunn  domains  can  fully  explain  the  lock-on  effect  The  strong  dependence  of  the  lock-on  threshold 
voltage  on  the  impurity  and  defect  concentration  in  GaAs  indicates  that  localized  energy  states  (deep  traps)  in  the 
switch  material  must  be  considered  in  explaining  the  lock-on  effect  The  temporal  development  of  the  lock-on  effect 
must  then  be  determined  by  the  filling  of  traps  with  injected  charge  carriers. 

Besides  carrier  injection  into  the  bulk,  through  electronic  or  optical  ionization,  carrier  injection  through  the 
contacts  plays  an  important  role  in  the  switching  performance,  particularly  in  the  development  of  the  lock-on  effect. 
The  influence  of  heavily  doped  contacts  on  photoconductive  switching  was  discussed  in  a  recent  paper  by  Thompson 
and  Lindhobn  (1990)  for  the  case  of  trap-free  photoconductive  switches  [IS].  It  was  shown,  that  the  influence  of 
the  contacts  on  the  switch  behaviour  is  strong  for  such  cases  where  the  photogenerated  (or  electronically  ionized) 
carriers  drift  or  diffuse  a  distance  on  the  same  order  as  the  switch  dimensions.  In  the  case  of  semiconductors  with 
large  trap  concentrations,  the  injection  of  carriers  at  the  contacts  determine  the  switching  characteristics  even  in  the 
case  where  the  intrinsic  region  is  long  compared  to  the  diffusion  length.  Both  the  dark  current-voltage  characteristic 
of  a  semiconductor  switch  which  contains  large  concentrations  of  deep  centers  as  well  as  its  recovery  behaviour  is 
affected  by  carrier  injection  at  the  contacts  [16],  [10].  The  effect  of  double  injection,  the  injection  of  both  electrons 
and  holes  through  the  contacts,  in  semiconductors  with  deep  traps  was  shown  to  generate  current-voltage 
characteristics  with  negative  differential  conductivity,  which  is  a  condition  for  the  onset  of  current  filamentation  [17], 
Other  evidence  for  the  influence  of  contacts  on  the  switch  performance  are  experimental  results  of  studies  on 
photoconductive  GaAs  switches  [18],  It  is  shown  that  hole  injection,  enforced  by  trap  related  space  charge  fields 
at  the  anode,  in  addition  to  electron  injection  at  a  metal  cathode,  leads  to  a  strong  nonlinear  behaviour  of  the  switch. 

In  order  to  explore  the  effect  of  contacts  on  nonlinear  transport  processes,  such  as  the  lock-on  effect,  in 
photoconductive  switches,  we  have  studied  the  dark  current  behaviour  and  the  temporal  development  of  the  current 
in  electron-beam  activated  semi-insulating  (SI)  GaAs  switches.  These  studies  were  performed  using  a  forward  and 
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a  reverse  biased  meul/p-type  layer/in  tnnsic  semiconductor/n-type  layer AneUl  (m/pVt/nVin)  contact  system  (Fig.  1). 
The  experimental  results  were  compared  with  observations  on  Sl-GaAs  switches  with  a  metal/inuinsic 
semiconductor/metal  (m/i/m)  contact  system.  The  electron-beam  was  injected  through  the  contact  (in  the  case  of  the 
non-symmetric  system  into  the  p- Layer)  as  shown  in  figure  1.  The  cathodoluminescence  generated  over  the  range 
of  the  electron-beam  in  the  region  close  to  the  contact  serves  to  ionize  the  bulk  of  the  switch  [2]. 

In  any  of  the  investigated  systems,  the  intrinsic  region,  consisting  of  SI-GaAs,  exceeds  the  diffusion  length 
by  orders  of  magnitude.  For  injecting,  as  well  as  noninjecting  contacts,  therefore,  the  current-voltage  characteristics 
of  the  intrinsic  material  is  expected  to  determine  the  system  behaviour.  For  trap- free  intrinsic  material  and  switch 
operation  below  the  space  charge  limit,  this  implies  a  linear  current-voltage  characteristics.  The  observed 
nonlinearities  in  photoconductive  and  electron-beam  activated  GaAs  switches,  however,  indicate  the  strong  influence 
of  traps  on  the  switch  kinetics.  Consequently,  it  is  expected  that  the  injection  of  carriers  through  the  contacts,  with 
the  purpose  of  filling  deep  traps  when  there  is  no  electron-beam  (or  laser)  activation,  and  replacing  thermally  emitted 
charge  carriers  after  activation,  will  have  a  profound  influence  on  the  switch  performance. 

EXPERIMENTS 

SWITCH  SAMPLES 

The  material  used  in  the  experimental  investigations  was  as-grown  (or  EL2  compensated)  SI-GaAs  with  a 
resistivity  of  6x10^  Qcm.  The  thickness  of  the  samples  was  0.64  mm.  The  switch  geometry  consisted  of  the  bulk 
region  with  aligned  parallel  plate  contact  regions,  in  the  m/i/m  type  switch  sample  the  contacts  were  manufactured 
by  thermally  depositing  a  gold-germanium  alloy  to  a  thickness  of  100  run.  The  sample  was  then  annealed  at  430 
°C  in  flowing  nitrogen  at  atmospheric  pressure  for  a  period  of  IS  minutes.  These  contacts  are  known  to  form  an 
m/n+/i/n+/m  system  with  the  semi-insulating  GaAs.  The  contacts  are  electron  injecting,  but  blocking  for  holes. 

A  second  sample,  fabricated  at  Epitronics,  had  heavily  doped  n-  and  p-type  layers  epitaxially  grown  on 
opposite  sides,  forming  a  p+/i/n+  system  with  the  same  type  of  SI-GaAs  as  the  bulk  material,  and  the  same  switch 
dimensions  as  the  m/i/m  switch.  This  device,  shown  in  Fig.  1,  consists  of  a  19.3  pm  wide  zinc -doped  region,  with 
a  shallow  acceptor  concentration  of  7xl019  cm"3  (zone  I)-  The  bulk  region  (zone  II)  is  635  pm  thick  SI-GaAs, 
followed  by  a  21.8  pm  wide  silicon-doped  region,  with  a  shallow  donor  concentration  of  3.9xl018  cm"3  (zone  III). 


4 


A  layer  of  100  run  Au  was  deposited  on  the  Zn -doped  region,  and  a  100  nm  Au-Ge  layer  on  the  Si-doped  region. 
The  metal  contacts  were  annealed  at  450  °C. 

DARK  CURRENT  MEASUREMENTS 

The  steady-state  dark  current  at  voltages  on  the  order  of  100  volts  was  measured  with  a  Keithley  617 
electrometer.  For  measurements  at  higher  voltages  a  pulsed  voltage  source  was  used  and  the  current  was  recorded 
with  a  Tektronix  7612  digitizer.  The  results  of  these  measurements  for  the  m/i/m  contact  geometry  are  shown  in 
Fig.  2.  The  three  regions  of  data  correspond  to  the  different  voltage  sources.  The  current-voltage  characteristic  up 
to  100  V  was  recorded  by  using  a  dc -source.  The  middle  group  of  data  was  obtained  by  using  a  hard-tube  pulser, 
capable  of  generating  pulses  up  to  450  ms.  The  upper  group  of  data  was  taken  using  a  thyratron  switched  25  ft 
pulse  forming  network  (PFN)  with  variable  pulse  length  up  to  a  duration  of  35  ps.  The  transition  from  ohmic  to 
super-linear  behavior  occurs  at  100  V  indicating  trap  filling  at  this  voltage.  The  data  agree  well  with  previously 
measured  current-voltage  characteristics  of  SI  GaAs,  where  the  value  of  the  trap-filled-limii  voltage,  was  used 
to  estimate  the  concentration  of  EL2  traps  to  9.7xl015  cm'3  [9].  The  upper  group  of  data  shows  a  cubic  dependence 
of  the  dark  current  on  the  voltage  indicating  that  double  injection  of  charge  carriers  due  to  barrier  lowering  by  trap 
enhanced  space  charge  fields  at  the  non-injecting  contact  might  play  a  role  in  the  dark  current  behavior  at  higher 
voltages  [18]. 

The  results  of  dark  current  measurements  on  m/p+/i/n+/m  devices,  forward  biased  and  reverse  biased,  are 
shown  in  Fig.  3.  The  forward  biased  m/p+A/n+/m  system  (positive  voltage  at  p+-side)  shows  ohmic  behavior  up  to 
30  V,  a  constant  dark  current  from  30  V  to  100  V,  followed  by  a  transition  into  a  super-linear  mode  at  the  trap- 
ftlled-limit  voltage,  similar  to  semi-insulating  GaAs  with  metal  contacts.  The  resistivity  of  the  forward  biased  system 
is  also  nearly  identical  to  that  of  the  sample  with  metal  contacts.  The  reverse  biased  m/p+/i/n+/m  system  displayed 
a  dark  current  (at  low  voltages)  which  was  more  than  one  order  of  magnitude  less  than  for  the  forward  biased 
system,  and  varied  subli nearly  with  voltage.  The  transition  into  the  strongly  super-linear  current,  at  the  trap-ftlled- 
limit  voltage,  occ tired  at  200  V,  compared  to  100  V  for  the  forward  biased  system.  This  result  seems  to  contradict 
our  assumption  that  for  non-injecting  contacts,  as  is  the  case  with  the  reversed  biased  system,  the  dark  resistance 
should  stay  constant  up  to  voltages  which  lead  to  dielectric  breakdown.  These  are  voltages  which  correspond  to 
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electric  fields  of  several  hundred  kV/cm.  As  we  will  show  later,  however,  this  low  voltage  transition  can  be 
explained  by  the  development  of  space  charge  fields  in  the  contact  region. 

This  hypothesis  is  supported  by  the  results  of  measurements  of  the  temporal  development  of  the  dark 
current.  A  step  voltage  generator  was  used  which  allowed  us  to  apply  voltage  pulses  of  up  to  3  kV  for  hundreds 
of  milliseconds  to  the  samples.  The  results  of  measurements  on  the  mfijm  system  showed  that  the  time  required  to 
establish  the  dc-dark  current  takes  microseconds  to  milliseconds,  depending  on  the  voltage  which  is  applied  [9],  Far 
pulse  charged  systems  with  pulse  durations  less  than  the  characteristic  dark  current  development  time,  the 
semiconductor  switch  behaves  like  a  resistor  with  a  resistance  determined  by  the  low  voltage  value.  Similar  results 
were  obtained  on  the  reverse  biased  m/p+/i/n+/m  system  (Fig.  4).  With  a  voltage  pulse  of  35  ps  duration  no 
measurable  current  was  recorded  up  to  a  voltage  of  950  V,  corresponding  to  an  average  field  of  15  kV/cm.  Surface 
flashover  prevented  further  increase  in  voltage.  The  forward  biased  m/p'Ti/n'Vm  switch,  on  the  other  hand,  showed 
a  steep  current  rise  already  \t  270  V  when  a  35  ps  voltage  pulse  was  applied. 

SWITCH  RESPONSE  TO  ELECTRON-BEAM  ACTIVATION 

The  GaAs  switches  were  activated  by  means  of  an  electron-beam  produced  by  a  pulsed  thermionic  diude 
(191.  The  diode  voltage  is  generated  by  a  pulse  forming  network  (PFN)  consisting  of  an  LC  chain  and  stepped  up 
in  a  ratio  1:1 1  by  a  pulse  transformer.  The  pulse  duration  can  be  adjusted  between  1  ps  and  15  ps  by  varying  the 
number  of  PFN  segments.  The  rise  and  fall  time  of  the  voltage  pulse  is  400  ns.  The  maximum  diode  voltage  is 
about  200  kV,  limited  by  vacuum  breakdown  in  the  diode  chamber.  The  GaAs  switch  was  placed  in  a  vacuum  in 
front  of  a  1  mil  thick  titanium  foil  which  serves  as  the  anode  of  the  electron-beam  diode.  The  electron  energy 
distribution  of  the  electron-beam  at  the  position  of  the  switch  was  calculated  by  means  of  a  Monte-Carlo  code  which 
took  the  effect  of  the  Ti-foil  on  the  electron  energy  into  account  [20].  The  electron-beam  current  density  at  the 
switch  positron,  which  is  dependent  on  the  temperature  of  the  thermionic  cathode,  and  the  diode  voltage  (due  to 
anode  foil  transmission)  was  measured  by  means  of  a  Faraday  cup.  A  typical  waveform  is  shown  in  figure  5. 
Maximum  obtainable  current  densities  at  a  diode  voltage  of  165  kV  were  measured  as  45  mA/cm2. 

The  voltage  across  the  switch  was  applied  by  using  the  same  pulse  forming  network  as  for  the  pulsed  dark 
current  measurements:  a  thyratron  switched  25  Q  PFN  with  a  pulse  duration  of  35  ps.  The  election-beam  activates 
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the  switch  sample  about  S  ps  after  the  voltage  is  applied  and  lasts  for  IS  ps.  The  current  through  the  sample  is 
measured  by  means  of  a  Pearson  coil,  the  sample  voltage  is  measured  using  a  resistive  probe.  The  signals  were 
recorded  with  Tektronix  7612  digitizers, 
m/i/m  system 

The  current  response  to  electron-beam  activation  of  m/i/m  systems  was  reported  and  discussed  in  detail  in 
two  previous  papers  [9],  [10],  The  observations  of  electron-beam  activated  GaAs  switches  were  found  to  be  identical 
with  those  of  laser  activated  GaAs  switches  [21]:  At  low  voltages  the  photoconductive  response  is  linear,  that  means 
that  the  switch  current  follows  the  activation  source  function.  Above  a  threshold  voltage,  dependent  on  the  type  of 
semi-insulating  GaAs,  the  switch  current  locks  on.  Instead  of  the  switch  recovering  to  the  voltage  and  dark  current 
level  before  switch  activation  it  continues  to  carry  a  high  current  at  a  constant  forward  voltage  after  the  activation 
source  is  turned  off.  The  switch  forward  voltage  in  this  "lock-on"  state  corresponds,  depending  on  switch  material, 
to  average  electric  fields  of  several  kV/cm  to  several  ten’s  of  kV/cm  [21]. 
forward  biased  m/p+/i/n+/m  system 

A  similar  behaviour  as  in  m/i/m  devices  is  observed  in  forward  biased  m/p+/i/n+/m  systems.  The  switch 
cunent  response  to  the  electron-beam  activation  was  found  to  be  linear  below  an  applied  voltage  of  200  V.  Above 
this  voltage  the  switch  does  not  recover  fully  after  electron-beam  activation,  but  continues  to  cany  a  current  as  long 
as  the  voltage  is  applied.  A  typical  voltage  and  current  trace  is  shown  in  figure  6a)  and  6b)  for  an  applied  voltage 
of  320  V.  After  the  electron-beam  is  applied  to  the  system,  at  about  10  ps,  the  switch  voltage  decreases  to  a  forward 
voltage  level,  which  is  determined  by  the  electron-beam  current  (Fig.  S).  After  the  electron-beam  current  begins  to 
drop  off,  at  about  23  ps,  the  switch  voltage  increases  again,  but  not  to  its  initial  value.  It  settles  for  the  remaining 
pulse  duration  at  200  V,  corresponding  to  an  electric  field  of  3  kV/cm.  The  switch  current  density  which  rises  to 
values  of  8  A/cm2  (for  an  electron  beam  intensity  of  20  m  A/cm2)  follows  the  temporal  shape  of  the  activation  source 
until  the  electron-beam  is  turned  off.  However,  instead  of  returning  to  its  initial  value  before  electron-beam 
activation  it  locks  on:  A  continuous  high  dark  current  is  measured  until  the  switch  voltage  returns  to  zero  again. 

The  electron-beam  induced  current  density,  J,  for  the  forward  biased  m/pTi/nVm  system  (Fig.  7)  is  linearly 
dependent  on  voltage  up  to  170  V,  and  then  increases  with  voltage,  V,  following  approximately  a  power  law  of 
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J  a  V6.  Lock-on  is  not  observed  for  voltages  in  die  linear  range  of  the  switch.  Above  170  V,  however,  the  lock-on 
current  emerges  and  rises  approximately  with  V15,  approaching  the  value  of  the  switch  cunent  at  210  V. 
reverse  biased  system 

Quite  different  is  the  switch  response  to  electron-beam  irradiation  when  the  m/pYt/n'Vm  sytem  is  reverse 
biased.  Figure  8  shows  the  voltage  and  cunent  traces  of  the  electron-beam  activated  switch  for  an  applied  voltage 
of  320  V,  which  is  the  same  value  as  used  in  the  experiment  with  the  forward  biased  system  (Fig.  6).  After  the 
termination  of  the  electron-beam  the  switch  recovers  to  its  initial  hold-off  voltage,  and  no  lock-on  cunent  is  observed 
up  to  voltages  of  530  V,  which  is  three  times  as  high  as  the  voltage  where  lock-on  was  observed  in  the  forward 
biased  system.  Above  530  V  we  have  observed  electrical  breakdown  where  the  forward  voltage  was  about  70  V, 
corresponding  to  an  average  field  of  1  kV/cm.  The  loadline  limited  cunent  in  the  breakdown  phase  indicates  that 
the  observed  change  in  the  current-voltage  characteristics  is  due  to  surface  flashover  at  the  edges  of  the  sample.  In 
order  to  test  this  hypothesis  the  p+  and  n+  layers  at  the  edge  of  the  sample  were  lapped  to  increase  the  distance  for 
surface  flashover.  Before  lapping  the  sample  the  breakdown  occured  at  320  V.  After  lapping,  the  breakdown 
potential  increased  to  the  previously  mentioned  530  V.  The  current-voltage  characteristics  of  the  reverse  biased 
m/p+/i/n+/m  system  is  shown  in  figure  7.  It  is  linear  up  to  the  voltage  where  breakdown  was  observed.  The  highest 
switch  cunent  density  was  22  A/cm2,  obtained  with  an  electron-beam  cunent  density  of  22  mA/cm2  at  a  diode 
voltage  of  167  kV. 

electron-beam  induced  conductance 

More  relevant  than  the  cunent  gain  for  switching  is  the  achieved  electron-beam  induced  conductance.  For 
the  m/i/m  system  irradiated  with  an  electron-beam  cunent  density  of  28  mA/cm2  at  a  diode  voltage  of  163  kV  the 
switch  conductance  in  the  linear  current-voltage  range  is  30  mfr'ern'2.  For  the  m/pY/nTm  systems,  with  the 
Zn -doped  (p+)  layer  facing  the  electron-beam  the  measured  conductance  in  the  linear  range  was  85  rnff’em'2  with 
an  electron-beam  of  22  mA/cm2  at  a  diode  voltage  of  167  kV.  The  dimensions  of  the  switch  were  identical  in  all 


cases. 


DISCUSSION 


The  dark  current,  with  its  characteristic  hold-off  voltage,  and  the  temporal  response  of  election-beam 
controlled  switches  were  studied  using  one  switch  material  (Sl-GaAs)  with  different  contact  configurations.  One, 
the  m/i/m  configuration,  is  a  symmetric  system  with  metal  contacts  which  serve  as  electron  injecting  contacts,  but 
are  blocking  contacts  for  holes.  The  second  system,  is  non-sym metric.  It  therefore  allows  us, 

depending  on  the  bias,  to  use  it  as  a  system  with  only  injecting  contacts,  or  only  blocking  contacts.  The  dc-dari 
current  characteristics  for  m/i/m  and  forward  biased  m/p+/i/n+/m  switches  are  almost  identical.  They  show  the 
typical  features  of  semiconductors  with  large  concentrations  of  traps:  an  ohmic  behaviour  at  low  voltages,  and  a 
transition  into  a  breakdown-like  current-voltage  characteristic  above  the  so-called  trap-filled-limited  voltage.  For  the 
system  with  injecting  contacts  we  always  have  the  situation  of  double  injection,  which  at  high  current  levels,  can 
lead  to  the  development  of  current  filaments  [17],  [22].  In  the  case  of  the  symmetric  m/i/m  system,  with  only 
electron  injection  at  low  voltages,  the  transition  into  a  double  injecting  system  is  enforced  due  to  the  development 
of  trap  related  space  charge  fields  at  the  anode  [18]  and  consequently  Schouky  emission  of  holes  at  this  contact 
The  dark  current  then  increases  cubically  with  voltage  as  shown  in  Fig.  2. 

According  to  these  deliberations  the  dc-dark  current  in  reverse  biased  m/p+/i/ri7m  systems  should  stayohmic 
(determined  by  the  thermally  generated  carriers  in  the  bulk)  up  to  voltage  values  which  correspond  to  the  dielectric 
breakdown  field  in  the  material.  For  GaAs  this  is  several  hundred  kV/cm,  [23]  which  seems  to  require  applied 
voltages  on  the  order  of  10  kV  for  our  switch.  However,  strong  local  electrical  fields  can  develop  due  to  the  thermal 
emission  of  electrons  and  holes  in  the  bulk  even  at  low  applied  voltages.  This  situation  is  illustrated  in  figure  9. 
When  a  reverse  voltage  is  applied  to  the  system,  the  mobile  charges  in  the  intrinsic  region  are  swept  out,  generating 
a  charge  density  distribution  and  consequently  a  field  distribution  as  shown  in  figure  9a.  If  the  thermal  emission 
rates  far  electrons  and  holes  from  the  deep  traps  are  nonidentical,  which  is  very  likely,  a  preferred  buildup  of  one 
type  of  charged  centers  takes  place.  This  thermal  emission  process  leads  to  a  charge  density  distribution  as  shown 
in  figure  9b.  The  developing  field  distribution  is  inhomogeneous,  with  large  fields  developing  at  one  contact  which 
could  provide  for  the  replacement  of  thermally  emitted  charges. 
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Eventually  Schouky  emission  at  this  contact  will  lead  to  the  onset  of  a  current  flow  which  just  balances  the 
charge  carrier  loss  due  to  thermal  emission  from  the  deep  traps.  This  occurs  at  current  levels  of  several  pA/cm2. 
Small  changes  in  voltage  above  this  point  will  lead  to  large  variations  in  the  Schotlky  emission,  and  thus  in  the 
current-voltage  characteristics  (Fig.  3).  Since  the  charging  effect  takes  a  certain  time  to  generate  the  inhomogeneous 
electric  field,  it  is  possible  to  increase  the  hold-off  voltage  of  reversed  biased  systems  by  applying  a  pulsed  voltage 
of  duration  short  compared  to  the  charging  time  as  has  been  demonstrated  experimentally  (Fig.  4). 

In  the  case  of  the  m/i/m  and  forward  biased  m/p+/i/nv/m  systems,  a  transition  into  a  permanent  dark  current 
after  the  termination  of  the  electron-beam  is  observed  in  the  form  of  the  so-called  kxk-on  effect.  For  the  forward 
biased  m/p+/i/n+/m  system  it  is  the  unlimited  injection  of  carriers  at  both  contacts  which  allows  trap-filling  and 
therefore,  at  voltages  above  the  trap-flUed-limited  voltage,  a  continuous  flow  of  high  level  dark  current.  For  the 
m/i/m  system,  where  the  anode  contact  is  a  blocking  contact  for  holes,  it  requires  the  buildup  of  large  trap  related 
space  charge  fields  to  enforce  hole  emission.  But  when  this  condition  is  reached  the  m/i/m  system  behaves  identical 
to  the  forward  biased  system  with  injecting  contacts.  The  lock-on  effect  is  a  threshold  effect  with  respect  to  voltage. 
The  minimum  voltage  in  the  case  of  injecting  contacts  is  the  trap-filled-limited  voltage,  which  for  systems  with 
negative  differential  conductivity  can  far  exceed  the  lock-on  voltage  [17],  Because  reaching  the  threshold  voltage 
requires  the  filling  of  traps,  the  lock-on  effect  is  also  dependent  on  the  intensity  and  duration  of  the  activation  pulse. 
Because  of  the  accelerated  filling  of  traps  due  to  electron-beam  (or  laser)  generated  charge  earners,  the  transition 
into  the  permanent  dark  current  regime  is  reduced  from  microseconds  or  milliseconds  (with  no  external  ionization 
source)  to  times  on  the  order  of  the  electron-beam  (or  laser)  pulse,  causing  an  immediate  lock-on  of  the  dark  current 
to  the  externally  controlled  current 

Another  characteristic  of  the  the  lock-on  effect  is  the  occurrence  of  current  filaments,  [6],  [7],  [8]  an  effect 
similar  to  a  glow-to-arc  transition  in  diffuse  gas  discharges.  This  effect  can  be  explained  by  the  presence  of  a 
negative  differential  conductivity  regime  in  most  trap  dominated  semiconductors  with  double  injecting  contacts  [16], 
[3].  In  such  a  system,  the  transition  from  the  low  current  to  the  high  current  region  of  the  current-voltage 
characteristic  is  always  connected  to  the  development  of  filaments  [24], 
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In  light  of  these  considerations,  the  results  obtained  with  the  reverse  biased  system  are  not 

surprising.  Understanding  the  lock -on  current  as  a  permanent  dark  current  in  a  trap-filled  semiconductor,  allows  us 
to  expect  that  preventing  the  refill  of  thermally  emptied  traps  after  the  activation  pulse  by  restricting  the  injection 
of  carriers  through  the  contacts,  leads  to  the  re-establishment  of  the  conditions  before  the  activation.  In  other  words, 
because  the  trap-filled  state  cannot  be  sustained  after  activation  in  a  system  with  non-injecting  contacts  the  lock-on 
effect  is  supressed.  This  is  exactly  what  we  have  observed  with  reverse  biased  junctions  as  contacts. 

Another  positive  side  effect  of  using  heavily  doped  contacts  is  the  increased  electron-beam  induced 
conductance  over  systems  with  metal  contacts.  The  observed  increase  was  from  30  mfr'cm*2  to  85  mil' 'em'2  with 
slightly  different  electron-beam  parameters.  By  taking  these  differences  into  account  the  gain  in  conductance  when 
using  heavily  doped  contacts  is  3.5.  The  reason  for  this  effect  is  the  increased  rate  of  radiative  recombination  in 
Zn -doped  GaAs  compared  to  undoped  GaAs  [25].  The  electron-beam  generated  photons  are  able  to  ionize  the  bulk 
of  the  semiconductor  beyond  the  electron-range  and  therefore  enhance  the  overall  conductance. 

An  additional  advantage  of  using  Zn  as  acceptor  material  is  the  experimentally  observed  increase  in  the 
wavelength  of  the  emitted  radiation,  [25]  which  allows  us  to  ionize  the  bulk  of  the  switch  radiatively  over  a  distance 
of  mm  from  the  cathodoluminescent  layer.  The  wavelength  of  the  emitted  radiation  and  consequently  the  absorption 
depth  can  be  adjusted  by  varying  the  Zn -concentration.  Optimization  of  the  thickness  and  the  concentration  of  the 
Zn-layer  should  allow  us  to  increase  the  gain  from  3.5  to  a  gain  of  about  30  [20].  In  addition,  by  using  a  heavily 
doped  n-type  contact  layer  as  the  cathode  contact,  we  have  shown  that  we  are  able  to  extend  the  threshold  voltage 
for  the  lock-on  effect  by  at  least  a  factor  of  three,  enhancing  the  potential  of  these  switches  in  high  voltage  systems. 
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Figure  8. 


FIGURE  CAPTIONS 
Schematic  representation  of  the  device. 

Dark  current-voltage  characteristics  of  the  m/i/m  system. 

DC  dark  current-voltage  characteristics  of  the  forward  and  reverse  biased  GaAs  m/pYi/nYm 
system. 

Pulsed  dark  current-voltage  characteristics  of  the  forward  and  reverse  biased  GaAs  m/pYi/nYm 
system.  The  pulse  width  of  the  applied  voltage  was  35  ps. 

Plots  of  the  temporal  pulse  shape  of  the  electron-beam  current  density  as  measured  by  the  faraday 
cup. 

The  temporal  development  of  switch  voltage  and  current  density  of  the  forward  biased  GaAs 
m/pYi/n+/m  system. 

Electron-beam-induced  conductivity  (EBIC)  of  the  forward  biased  (FB)  and  reverse  biased  (RB) 
GaAs  m/pYi/n+/m  system,  and  lock-on  (LO)  values  for  the  forward  biased  system. 

The  temporal  development  of  switch  voltage  and  current  density  of  the  reverse  biased  GaAs 
m/pYi/nYm  system. 

Charge  density  p(x)  and  electric  field  E(x)  profile  for  a  reverse  biased  GaAs  m/pYl/n+/m  system 
at  a)  time  of  charge  sweep  out  and  b)  time  after  charge  sweep  out. 


Figure  9. 


o  o  forward  biased 

□  reverse  biased 
o 

o 

o 

o 

o 


o 

o 

8 

O 

o 

d3zma  □□□□□□□□  □  □  □ 

i  i  i  i  i  i  i  i  i  i  i  i  i  i  i 

400  600  800  1 

VOLTAGE  (V) 


CURRENT  DENSITY  (A/cm 


400 


